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Block  20  Abstract  continued 

Prior  to  the  present  study,  the  effectiveness  of  junction  defects  in  reducing 
resistance  to  second  breakdown  was  not  known.  However,  it  was  suspected  that 
such  defects  might  result  in  "maverick"  devices,  that  is,  devices  which  fail 
much  below  their  rated  electrical  parameters. 

SOS  diodes,  specially  fabricated  by  Rockwell  International,  were  tested 
using  Sunshine's  stroboscopic  technique.  This  method  exploits  the  decrease  of 
the -optical  transmittancy  of  silicon  with  increasing  temperature.  <■ The  dynamic 
growth  of  current  filaments  can  be  followed  in  many  systems  with  a' time 
resolution  of  0.1  us  for  pulses  of  10  ys  duration  and  spatial  resolution  of  1  ym. 
Most  tests  were  performed  using  10  ys  pulses  which  were  obtained  from  constant 
current  or  constant  impedance  generators.  The  experimental  results  show  that 
those  irregularities  that  decrease  the  length  of  the  n-region  cause  early  growth 
of  filaments  and  a  lowering  of  the  energy  threshold  to  second  breakdown. 

However,  defects  on  the  metal -p+  and  metal -n+  junctions  have  no  effect  on  current 
configurations.  Energy,  current,  and  voltage  thresholds  were  correlated  with 
n-region  length,  diode  width,  defect  geometry,  and  doping  level.  Spikes  on  the 
p+n  and  n+n  junctions  lowered  energy  failure  thresholds  up  to  75%  for  non- 
punchthrough  diodes  and  more  for  diodes  in  which  punchthrough  of  the  n-region 
occurred.  Spikes  on  the  metal -p+  and  metal -n+  junctions  had  no  effect  on  failure] 
thresholds.  The  stroboscopic  method  was  not  effective  for  the  lower  doping 
levels,  but  examination  of  the  damage  morphology  indicated  that  junction  defects, 
corners,  and  radii  of  curvature  influence  current  configurations  over  a  doping 
density  range  of  10*5-10''  cm_3.  Suggestions  are  given  on  test  procedures  for  ! 
screening  devices  to  meet  preset  standards  of  hardness  to  second  breakdown. 

An  electrothermal  model  of  the  filamentation  process  in  thin  film  (planar) 
diodes  has  been  formulated.  The  model  includes  junction  and  bulk  electrical 
behavior,  thermal  properties  of  silicon  and  the  sapphire  substrate,  heat  transfer 
in  the  plane  of  the  silicon  and  into  the  substrate,  and  external  circuital 
constraints.  Dynamical  temperature  and  current  profiles,  voltage  and  current 
waveforms,  delay  time  and  energy  to  the  threshold  of  destructive  second  break¬ 
down,  and  other  detailed  information  about  the  filamentation  process  are 
obtained.  Calculations  have  been  performed  for  diodes  having  an  n-region  doping 
density  of  1022  atoms/m2,  30  ym  n-region  length,  and  204  ym  width.  The  filamen¬ 
tation  process  is  followed  to  filament  temperatures  in  excess  of  1200  K.  Then 
changes  occur  so  rapidly  that  the  computation  time  becomes  excessive.  Calcula¬ 
tions  were  performed  mostly  assuming  constant  current  pulses  with  durations  of 
2  to  15  us.  The  average  current  density  at  the  threshold  of  second  breakdrwn  is 
about  10°  A/m2,  while  the  current  density  in  the  filament  rises  above  109  A/m2. 
The  influence  of  spikes  on  the  p+n  or  n+n  junctions  on  the  second  breakdown 
thresholds  have  been  explored.  The  results  of  the  model  are  compared  with  the 
experimental  results  on  diodes  of  similar  geometry  and  the  two  are  found  to  be 
consistent.  Thus  the  model  can  provide  useful  insight  to  the  designer  and  user 
of  devices  under  high  electrical  stress. 
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I.  INTRODUCTION 


Second  breakdown  in  semiconductor  devices  occurs  through  the  for¬ 
mation  of  current  filaments  under  sufficiently  high  electrical  stress. 
Permanent  damage  is  produced  when  the  temperature  of  a  current  filament 
reaches  the  melting  point.  Multiple  filaments  can  form  under  high  am¬ 
plitude  excitation,  such  as  might  occur  in  electrostatic  discharge,  in¬ 
ductive  impulses,  EMP,  or  switching  transients.  Second  breakdown  has 
been  shown  to  be  the  dominant  failure  mechanism  under  impulsive  condi¬ 
tions  in  a  wide  range  of  semiconducting  devices,  including  microwave 
diodes,  other  diodes,  junction  transistors,  MOS  devices,  power  compo¬ 
nents,  integrated  circuit  components,  silicon  devices,  GaAs  devices, 
and  germanium  devices.  As  devices  become  smaller,  they  become  more 
susceptible  to  damage  via  second  breakdown. 

The  dynamics  of  filament  formation  have  been  studied  in  silicon- 
on-sapphire  (SOS)  devices  through  a  stroboscopic  technique.  Both  for¬ 
ward  and  reverse  bias  observations  have  been  placed  into  the  perspec¬ 
tive  of  an  electrothermal  mechanism.  The  features  observed  in  the 
planar  SOS  devices  are  similar  to  those  observed  in  three-dimensional 
systems.  The  previous  work  on  second  breakdown  has  given  a  good  qual¬ 
itative  view  of  the  fllamentation  process,  but  more  quantitative  knowl¬ 
edge  has  been  needed  for  the  development  of  second  breakdown  screening 
techniques,  for  understanding  the  nature  of  maverick  devices,  and  for 
designing  devices  with  Improved  resistance  to  second  breakdown. 
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The  onset  of  current  filamentation  is  sensitive  to  device  geome¬ 
try,  doping,  circuital  environment  and  excitation  conditions.  During 
the  production  of  a  particular  group  of  devices,  non-identical  devices 
are  obtained  because  of  lack  of  perfect  mask  registration,  imperfect 
etching,  irregular  diffusions,  dust  and  contaminants,  lattice  strains, 
variations  in  the  microstructure  of  the  base  material,  and  other  rea¬ 
sons.  Such  effects  are  very  difficult  to  assess.  In  order  to  explore 
the  role  of  device  geometry  on  second  breakdown,  an  array  of  p+-n-n+ 
diodes  was  specially  designed  and  fabricated  at  Rockwell  International. 
The  design  allowed  the  systematic  exploration  of  the  roles  of  device 
doping,  junction  length,  n-region  length,  p+n  and  n+n  junction  spikes, 
metallization  spikes,  and  configurations  producing  current  crowding. 

The  initial  goals  of  the  present  program  were: 

1.  "To  assess  the  relative  importance  of  device  geometry,  metal¬ 
lization  and  diffusion  spikes,  and  device  doping  on  second  breakdown 
susceptibility  for  electrical  excitation  pulses  of  0.1,  1,  and  10  ys 
under  both  forward  and  reverse  biases." 

2.  "To  apply  the  results  of  simultaneously  observed  filament  con¬ 
figuration  and  voltage  and  current  waveforms  to  the  development  of  non¬ 
destructive  screening  tests  for  second  breakdown  in  silicon-on-sapphire 
diodes." 

3.  "If  time  permits,  to  develop  analytical  models  for  the  influ¬ 
ences  of  diode  geometry,  doping,  diffusion  spikes  and  metallization 
spikes  on  current  filamentation  under  both  forward  and  reverse  biases 
In  si 1 Icon-on-sapphlre  diodes.  Such  models  should  provide  a  basis  for 
the  design  of  diodes  that  are  more  resistant  to  second  breakdown." 
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4.  "If  time  permits,  to  obtain  temperature-time  mappings  of 
silicon-on-sapphire  diodes  as  filaments  are  formed.  Such  mappings  will 
serve  as  a  further  guide  to  the  development  of  theoretical  models  of 
filamentation." 

A  dual  experimental -theoretical  approach  has  been  pursued.  E.  R. 
Knight  has  performed  most  of  the  experimentation,  while  A.  Baruah-Satin 
has  developed  most  of  the  theoretical  effort.  F.  T.  Liou  has  contri¬ 
buted  to  portions  of  both  the  experimental  and  theoretical  efforts. 
Overall  direction  has  come  from  P.  P.  Budenstein. 

Not  all  of  the  goals  have  been  realized.  Limitations  of  circuit 
geometry  and  device  parameters  prevented  use  of  0.1  and  1  ps  pulses,  as 
contained  in  Goal  1.  Goal  4  was  not  addressed  at  all  because  of  lack 
of  time.  However,  the  other  goals  have  been  pursued  and  will  form  the 
basis  for  this  report.  Part  I  (based  primarily  on  the  doctoral  disser¬ 
tation  of  E.  R.  Knight  and  the  M.S.  thesis  of  F.  T.  Liou)  relates  to 
Goal  1,  the  experimental  effort.  Part  II  (based  primarily  on  the  doc¬ 
toral  dissertation  of  A.  Baruah-Satin,  with  an  additional  contribution 
by  F.  T.  Liou)  relates  to  Goal  2,  screening  tests,  and  to  other  impli¬ 
cations. 


II.  BACKGROUND  ON  EXPERIMENTATION 
A.  History  of  the  Second  Breakdown  Problem 

Second  breakdown  is  a  transition  to  a  state  of  higher  conductance 
which  occurs  at  high  current  densities  in  silicon  electronic  compo¬ 
nents.  This  transition  may  be  accompanied  by  device  degradation  or  de¬ 
struction,  and  it  is  generally  regarded  as  one  of  the  principal  failure 
modes  of  silicon  junction  devices  subjected  to  electrical  overstresses. 
Second  breakdown  is  frequently  the  limiting  phenomenon  in  power  tran¬ 
sistors  that  are  switched  in  the  presence  of  inductive  loads.  The  ear¬ 
ly  work  of  Thornton  and  Simmons*  showed  that  the  power  level  at  the  oc¬ 
currence  of  damage  was  less  than  the  rated  power  level  of  the  device 
under  normal  operating  conditions.  Subsequently,  Schafft  and  French2, 
Reich  and  Hakim^,  Dumin4,  and  Sunshine^  showed,  each  by  a  different 
method,  that  current  filamentation  is  an  integral  part  of  the  second 
breakdown  transition. 

In  a  series  of  critical  reviews,  Schafft  and  French6-^  pointed  out 
that  second  breakdown  is  a  very  general  phenomenon,  common  to  junction 
devices  despite  the  many  variations  in  geometry  and  doping  profile. 

They  concluded  that  it  was  primarily  a  thermal  effect,  although  the 
abruptness  of  the  transition  had  suggested  to  some  investigators  that 
the  transition  is  electronic  in  nature*^"*2.  Studying  second  breakdown 
by  applying  short,  high-amplitude  pulses,  Schafft  and  French,  Ferry  and 
Dougal*^,  and  Melchior  and  Strutt*4  have  shown  that  there  is  a  delay 
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time  between  the  application  of  the  pulse  and  the  onset  of  the  second 
breakdown  transition.  For  a  pulse  duration  less  than  about  100  us,  the 
delay  time  decreased  with  increasing  pulse  amplitude,  corresponding  to 
a  constant  energy  input  of  about  10“4  J  in  the  devices  considered. 
Schafft  and  French  interpreted  this  as  a  very  strong  indication  of  a 
thermal  basis  for  the  second  breakdown  phenomenon. 

Damage  accompanying  second  breakdown  occurs  through  formation  of  a 
melt  channel^, 16  or  a  series  of  such  channels  in  very  high  amplitude 
testing18.  Such  channels  permanently  degrade  the  device.  In  some  sit¬ 
uations,  the  excitation  is  removed  after  the  conductance  has  increased 
appreciably  (due  to  current  filamentation) ,  but  before  the  development 
of  the  damaging  melt. 

Probably  the  most  detailed  studies  of  the  mechanism  of  second 
breakdown  are  those  of  Sunshine5*17  and  BucTenstein,  Pontius,  and 
Smith18-2?,  wherein  second  breakdown  was  investigated  in  silicon- 
on-sapphire  diodes  using  a  stroboscopic  technique.  Sunshine  was  able 
to  show  the  time  history  of  the  formation  of  current  filaments  and  to 
correlate  the  second  breakdown  transition  with  the  propagation  of  a 
filament  across  the  high  resistance  region  of  the  diode.  Filament  for¬ 
mation  was  related  to  the  J-V-T  behavior  of  the  junction  and  the 
resistivity-temperature  dependence  of  the  bulk  material.  However,  lim¬ 
itations  in  geometry  and  in  the  method  of  observation  allowed  only  por¬ 
tions  of  the  filamentation  problem  to  be  explored.  Budenstein,  Pon¬ 
tius,  and  Smith  improved  Sunshine's  stroboscopic  technique  and  delved 
further  into  the  details  of  second  breakdown  in  thin  film  silicon- 
on-sapphire  diodes.  Nucleation  of  current  filaments,  filament  growth, 


6 


and  damage  through  the  formation  of  melt  channels  were  observed  and  re¬ 
lated  to  the  voltage  waveforms,  geometry,  and  base  layer  resistivity. 

The  general  problem  of  fil amentation  has  attracted  considerable 
attention  since  the  work  of  Ovshinsky2^,  although  an  extensive  litera¬ 
ture  predated  his  work.  This  literature  is  reviewed  by  Barnett24  with 
an  emphasis  on  injection  phenomena  in  semiconductors.  Muller  and 
GuckelH  have  made  a  simplified  analysis  of  filamentation  in  connection 
with  second  breakdown.  Ridley2^  discusses  filamentation  and  stability 
of  current  configurations  from  the  standpoint  of  irreversible  thermody¬ 
namics,  invoking  the  principle  of  minimum  entropy  production  to  identi¬ 
fy  the  steady  state.  Stable  filaments  are  formed,  according  to  Ridley, 
when  the  current  configuration  is  such  that  joule  heating  is  a  minimum. 
Fabricius26  has  explored  current  filamentation  due  to  electromagnetic 
forces  alone,  as  in  a  plasma  pinch.  He  concludes  that  such  effects  are 
not  important,  except  perhaps  at  very  low  temperatures.  Thus,  filamen¬ 
tation  is  a  very  common  phenomenon,  occurring  whenever  some  local  re¬ 
gion  attains  a  higher  conductance  than  its  surroundings. 

A  more  complete  history  of  the  second  breakdown  problem  will  now 
be  given.  Studies  on  bulk  devices  will  be  discussed  first,  and  then 
the  work  on  silicon-on-sapphire  devices  by  Dumin  and  Sunshine,  and  by 
Budenstein,  Pontius,  and  Smith.  Finally,  an  outline  of  the  present  in¬ 
vestigation  will  be  given. 

B.  Second  Breakdown  in  Bulk  Devices 
1.  I-V  Characteristics  in  Diodes  and  Transistors 
A  diode  I-V  characteristic  is  shown  schematically  in  Fig.  la,  at  a 
temperature  well  above  room  temperature  to  emphasize  the  possibility 
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that  the  reverse  saturation  current  of  the  diode  may  be  appreciable. 
Voltage  is  a  single-valued  function  of  the  current.  Five  current  re¬ 
gions  can  be  distinguished— forward  current,  forward  second  breakdown 
current  (not  shown),  reverse  saturation  current,  avalanche  current,  and 
reverse  second  breakdown  current.  When  the  device  is  driven  hard  enough 
to  display  the  second  breakdown  current,  there  is  always  considerable 
heating  and  frequently  permanent  damage.  Hence,  a  conventional  curve 
tracer  operated  at  60  Hz  generally  should  not  be  used  for  avalanche 
currents  greater  than  a  few  milliamperes.  With  single  pulse  testing, 
heating  effects  can  be  made  smaller.  To  avoid  device  damage,  the  pulse 
duration  must  be  appropriately  shortened  as  pulse  amplitude  is  in¬ 
creased.  Depending  on  the  device  under  test  and  the  nature  of  the  ex¬ 
ternal  circuit,  several  turnovers  may  occur  in  the  reverse  character¬ 
istic,  sometimes  at  relatively  low  avalanche  currents.27  Most  of  the 
testing  of  diodes  has  been  done  with  square  voltage  pulses  applied 
across  the  diode  in  series  with  a  constant  resistance. 

The  second  breakdown  features  of  the  I-V  characteristics  of  tran¬ 
sistors  are  more  complicated  than  diode  characteristics  for  several 
reasons.  First,  the  geometry  of  the  transistor  is  more  complex  and 
probably  less  homogeneous  locally.  Second,  as  the  transistor's  emitter 
bias  Is  altered.  Its  current  pattern  changes.2  Third,  the  primaries 
for  avalanching  In  the  diode  are  the  minority  carriers  in  the  lightly 
doped  side  of  the  pn  junction,  while  in  the  transistor  the  primaries 
for  base-collector  avalanche  are  the  Injected  carriers  from  the  emit¬ 
ter,  which  depend  on  the  local  bias  conditions  of  the  emitter-base 
junction.  Fourth,  the  emitter-base  junction  'ias  a  nonuniform  bias  be- 
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cause  of  the  flow  pattern  of  the  base  current. 28  Schafft  and  French2 
have  shown  that  the  current  distribution  in  a  transistor  under  forward 
bias  tends  to  be  more  uniformly  distributed  over  the  collector  junction 
than  is  the  case  for  reverse  bias.  Moreover,  resistive  ballasting  can 
be  used  in  the  emitter  circuit  to  enhance  the  current  uniformity  under 
forward  bias2^,  but  no  effective  method  (without  otherwise  degrading 
performance)  has  been  found  to  enhance  current  uniformity  under  reverse 
bias.  Figure  lb  (after  Schafft)  shows  schematically  the  collector- 
emitter  voltage  Vqj:  for  different  emitter-base  bias.  The  transition 
from  avalanche  to  second  breakdown  of  the  base-collector  junction  oc¬ 
curs  at  a  lower  when  the  emitter  is  forward  rather  than  reverse  bi¬ 
ased.  28  Further,  the  current  in  the  second  breakdown  mode  for  a  given 
VCE  greater  for  forward  than  reverse  emitter  bias. 

Temperature  effects  In  transistors  have  been  summarized  by  Pritch¬ 
ard30,  Gartner31,  and  Matz32. 

2.  Time  Delay  and  Related  Effects 

The  time  between  the  application  of  a  large  amplitude  voltage 
pulse  and  the  occurrence  of  second  breakdown  has  been  defined  as  the 
delay  time.  It  is  generally  regarded  as  a  thermal  effect,  but  its  ex¬ 
act  nature  has  not  been  established.  Thus,  Fleming33  fixes  the  delay 
time  to  be  "that  time  at  which  the  constant  junction  current  density  J, 
as  a  result  of  a  junction  temperature  rise,  is  supported  by  a  junction 
voltage  V  of  5  percent  less  than  the  breakdown  voltage  VB."  The  pri  - 
clpal  justification  for  such  a  criterion  Is  that,  along  with  the  as¬ 
sumption  that  the  junction  I-V  characteristic  is  not  a  strong  function 


of  temperature  and  that  all  heat  input  is  at  the  junction,  it  allows 
computation  of  delay  times  of  the  right  order  of  magnitude.  The  physi¬ 
cal  reality  of  the  model,  however,  is  questionable. 

Nienhuis^  attempted  to  characterize  device  behavior  in  terms  of 
the  time  delay  to  second  breakdown.  In  extensive  tests  at  forward  and 
reverse  emitter  bias,  he  studied  the  current  amplitude  and  delay  time 
for  second  breakdown  using  pulses  of  fixed  duration.  He  found,  on  re¬ 
verse  bias  tests  of  the  emitter,  a  voltage  rise  in  the  Vq£  voltage  just 
before  the  onset  of  the  second  breakdown.  This  rise,  not  reported  by 
others,  was  independent  of  the  current  level  at  second  breakdown  and 
its  magnitude  was  correlated  with  the  delay  time.  If  the  voltage  were 
large,  the  delay  time  would  be  long  and  the  resistance  to  second  break¬ 
down  good.  Nienhuis,  assuming  that  the  collector  current  is  nonuniform 
because  of  the  nonuniformity  in  the  temperature,  suggested  a  phenomen¬ 
ological  model  for  the  observed  results. 

3.  Hot  Spots  and  Current  Channeling 
The  evidence  for  hot  spots  in  transistors  prior  to  the  onset  of 
second  breakdown  comes  from  direct  observations  by  Reich  and  Hakim3  us¬ 
ing  an  infrared  microscope,  from  Schafft  and  French2  using  temperature 
sensitive  phosphors,  from  Agatsuma34  using  temperature  sensitive  lac¬ 
quers,  from  Chiang  and  Laurltzen36  using  light  emission,  and  from  a  va 
riety  of  less  direct  observations. 

Reich  and  Hakim3*36*3?  have  employed  the  idea  of  a  transient  ther 


mal  resistance  to  explain  the  "energy  dependence"  of  second  breakdown. 
Thermal  resistance  is  a  steady-state  concept;  it  is  the  temperature 


rise  (assumed  uniform  throughout  the  system)  per  unit  power  input.  For 
low  power  levels  in  a  transistor,  the  currents  are  distributed  nearly 
uniformly  over  the  junction  areas  so  the  thermal  resistance  determines 
the  equilibrium  temperature  for  a  given  power  input.  However,  when  hot 
spots  occur,  both  the  current  and  temperature  configurations  are  drast¬ 
ically  altered.  If  the  energy  due  to  a  sharp  pulse  of  input  power  is 
highly  localized,  the  thermal  resistance  concept  can  be  applied  to  the 
region  of  localization — a  given  power  input  producing  a  much  higher 
temperature  than  would  be  the  case  for  the  transistor  structure  as  a 
unit.  Reich  and  Hakim  found  different  thermal  resistances  for  forward 
and  reverse  emitter  biases,  the  thermal  resistance  being  greater  for 
reverse  bias.  This  implies  a  smaller  region  is  being  heated  under  re¬ 
verse  bias  than  forward  bias,  that  is,  hot  spots  are  more  severe  with 
reverse  bias.  Reich  and  Hakim  concluded,  after  testing  transistors 
with  different  doping  contours,  that  hot-spotting  was  retarded  as  the 
product  of  the  resistivity  and  thickness  of  the  collector  material  in¬ 
creased. 

Schafft  and  French2  used  zinc-cadmium  sulphide  phosphors  to  indi¬ 
cate  the  surface  temperature  distribution  on  transistors  because  of  the 
ease  of  use,  speed  of  response,  reproducibility,  range  of  temperature 
sensitivity,  and  the  low  cost  of  the  phosphors.  A  thin  layer  of  the 
phosphor  powder  was  mixed  with  a  silicone  binder  and  applied  directly 
to  the  surface  of  planar  silicon  transistors.  The  phosphor  was  bathed 
In  ultraviolet  radiation  from  a  mercury  lamp.  As  the  temperature  of 
the  phosphor  Is  Increased,  the  intensity  of  luminescence  decreases  and 
finally  goes  to  zero.  Thus,  when  a  transistor  carried  a  nonuniform 
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current  and  hence,  had  a  nonuniform  temperature,  the  variations  in  the 
emission  of  the  phosphors  gave  a  qualitative  picture  of  the  temperature 
configuration  of  the  system. 

Invariably,  the  current  distribution  prior  to  second  breakdown  was 
asymmetric  and  nonuniform  at  higher  currents,  the  pattern  depending 
strongly  upon  device  geometry.  Typically,  the  application  of  forward 
base  drives  minimized  any  existing  concentrations  in  current  while  the 
application  of  reverse  base  drives  tended  to  accentuate  existing  nonun¬ 
iformities  and  to  shift  them.  When  second  breakdown  did  occur,  the 
second  breakdown  current  constriction  appeared  within  the  region  of 
initial  high  current  density. 

The  use  of  the  phosphors  revealed  that  the  current  distribution 
can  be  shifted  by  changes  in  the  base  drive,  collector  current,  extern¬ 
ally  induced  potential  gradients  along  the  emitter  junction,  and  non- 
catastrophic  damage  due  to  previous  entry  into  second  breakdown.  Once 
in  second  breakdown,  a  sufficiently  large  base  drive  can  cause  the 
transistor  to  switch  out  of  second  breakdown  and  into  its  normal  for¬ 
ward  base  drive  operating  mode. 

Agatsuma34  coated  n-v-n  devices  with  temperature-sensitive  paint 
(Templlaq)  and  found  that  the  temperature  at  the  turnover  point  of  the 
I -V  characteristic  occurred  at  about  the  temperature  at  which  the  v  - 
material  became  Intrinsic.  This  temperature  was  170  to  212  °C  for  50 
ohm-cm,  212  to  253  °C  for  27  ohm-cm,  and  320  to  343  °C  for  3  ohm-cm  ma¬ 
terial.  The  turnover  was  not  regarded  by  Agatsuma  as  second  breakdown, 
but  the  observation  was  regarded  as  very  suggestive  of  the  second 
breakdown  mechanism. 
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Chi ang  and  Lauritzen38  fabricated  diodes  with  a  guard  ring  struc¬ 
ture  and  a  thin  (0.5  ym)  layer  of  p+  material  over  an  n-base,  the  inner 
diameter  of  the  p-type  guard  ring  being  30  ym.  This  produced  a  small 
diode  30  ym  across  with  a  minimum  of  edge  effects.  Moreover,  the  p+ 
layer  was  sufficiently  thin  that  avalanche  light  emission  and  light 
emission  accompanying  filamentation  were  visible.  Thus,  the  emission 
patterns  could  be  observed  as  a  function  of  current  amplitude  and  any 
changes  in  localization  observed.  Filamentation  could  be  observed  and 
correlated  with  changes  in  the  I-V  characteristic.  The  avalanche  vol¬ 
tage  Vg  was  measured  as  a  function  of  temperature,  and  a  nearly  linear 
plot  was  obtained  between  100  and  800  K,  in  agreement  with  Crowell  and 
Sze.38  At  the  higher  temperatures  the  curves  were  starting  to  bend 
over. 

The  diodes  of  Chiang  and  Lauritzen  were  highly  doped,  with  a  donor 
concentration  in  the  low  resistivity  side  of  about  2  x  1018  cm"3.  The 
temperature  at  which  the  intrinsic  concentration  n-j  was  equal  to  the 
donor  density  was  about  1100  K  and  the  temperature  at  thermal  breakdown 
was  estimated  to  be  about  the  same  value.  Thus,  they  conclude  that 
thermal  breakdown  occurs  when  the  junction  goes  intrinsic,  as  suggested 
by  Melchior  and  Strutt^.  They  develop  a  phenomenological  theory  which 
describes  the  voltage  drop  at  the  intrinsic  temperature  and  also  in¬ 
cludes,  through  variation  of  an  areal  parameter,  filamentation.  They 
conclude  that  the  voltage  drop  is  not  associated  with  formation  of  a 
melt,  but  that  local  melting  is  a  likely  consequence  of  the  transition 
to  a  filament.  The  authors  point  out  their  results  differ  from  those 
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of  Dumin  and  explain  the  difference  in  terms  of  the  high  doping  density 
of  their  diodes: 

"Dumin  proposes  a  different  model  for  thermal  breakdown  in  his 
work  on  thin-film  sil icon-on- sapphire  diodes.  Thermal  breakdown 
occurs  in  his  diodes  when  the  injected  avalanche  carrier  concen¬ 
tration  becomes  comparable  to  the  background  doping  density.  Du- 
min's  model  is  not  applicable  to  the  bulk  p-n  junction  diodes  used 
in  our  experiments  where  thermal  breakdown  occurs  when  the  in¬ 
jected  avalanche  carrier  concentration  is  still  two  orders  of  mag¬ 
nitude  below  the  background  doping  density." 

4.  Radiation  and  Second  Breakdown 
The  electromagnetic  spectrum  emitted  during  second  breakdown  con¬ 
duction  has  been  extensively  investigated  by  Portnory  and  Gamble39, 
Dumin^,  and  Sunshine. 5  In  this  section  the  work  of  Portnoy  and  Gamble 
will  be  described;  that  of  Dumin  and  Sunshine  will  be  presented  in  Sec¬ 
tion  II. C. 

Portnoy  and  Gamble  spectrally  analyzed  the  light  emitted  by  ava¬ 
lanche  breakdown,  second  breakdown,  and  by  resistively  heated  silicon 
rods.  The  light  emission  during  avalanche  and  that  during  second 
breakdown  had  Indistinguishable  continuous  spectra.  Second  breakdown 
In  the  emitter  junction  caused  the  same  spectrum  as  second  breakdown  of 
the  collector  junction.  Portnoy  and  Gamble  felt  their  observations 
could  not  be  explained  on  a  purely  thermal  basis,  but  that  thermal  ef¬ 
fects  could  follow  the  appearance  of  an  "unstable  microplasma"  rather 
than  that  thermal  effects  lead  into  the  highly  conducting  state. 
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5.  Damage 

Most  investigators  of  second  breakdown  conclude  that  the  second 
breakdown  transition  is  not  inherently  destructive,  but  damage  occurs 
only  if  heat-sinking  is  inadequate.  Damage  manifests  itself  through 
changes  in  the  I-V  characteristics  and  visual  observation  of  the  de¬ 
vice.  When  there  is  electrical  damage,  it  usually  is  in  the  nature  of 
a  resistive  short-circuit  of  one  or  both  junctions.  Physical  damage 
occurs  as  melt  channels,  melting  of  metallizations,  and  punchthrough 
(dielectric  breakdown)  of  passivating  layers. Second  breakdown,  with 
its  characteristic  voltage  drop  and  current  rise,  seems  to  be  connected 
primarily  with  the  melt  channels. 

C.  Second  Breakdown  in  Silicon-On-Sapphire  Diodes 

Dumin4  and  Sunshine5**7  and  Budenstein,  Pontius,  and  Smith18-22 
have  performed  experiments  that  yield  the  most  detailed  description  of 
second  breakdown.  Oumir.  initiated  studies  of  second  breakdown  using 
sil icon-on-sapphire  diodes.  The  diodes  were  single  crystal  silicon 
thin  films  grown  epitaxially  on  sapphire  substrates  with  p+  and  n+  dif¬ 
fusions  to  create  the  junction  and  contact  regions.  Metallizations 
were  of  aluminum.  The  p+  -n+  spacing  was  made  variable  from  12.5  to 
100  um  In  12.5  pm  increments.  The  distinctive  aspect  of  these  diodes 
Is  that  the  current  path  Is  transverse  to  the  direction  of  observation 
and  the  junction  is  observable  in  its  entirety. 

Dumln  recorded  the  I-V  characteristics  of  his  diodes  on  a  60  Hz 
curve  tracer  while  the  diodes  were  being  viewed  under  an  optical  micro¬ 
scope.  Avalanche  emission  and  second  breakdown  "plasma"  emission  were 
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both  photographed  for  different  amplitudes  of  the  exciting  voltage.  To 
obtain  instantaneous  I-V  characteristics,  the  diodes  were  driven  by 
pulsed  currents  variable  in  duration  from  0.01  to  100  ys.  The  repeti¬ 
tion  rate  of  the  pulses  was  variable  and  the  decay  time  at  the  end  of  a 
pulse  was  about  0.01  ys. 

Radiation  emitted  from  the  diodes  under  pulsed  excitation  was  in¬ 
cident  upon  a  photomultiplier  so  that  the  light  intensity  waveform 
could  be  correlated  with  voltage  and  current  waveforms.  The  spectrum 
of  the  light  was  analyzed  with  a  spectrometer  terminated  with  the  same 
photomultiplier.  A  broad-band  spectrum  was  found,  the  same  as  that  of 
Portnoy  and  Gamble. 39  Emission  from  the  avalanche  microplasma  region 
was  only  visible  under  an  optical  microscope,  while  the  second  break¬ 
down  radiation  from  a  25  ym  by  10  ym  plasma  was  readily  visible  in  a 
well-lighted  room  without  optical  aids. 

In  a  diode  having  a  base  resistivity  of  0.1  ohm-cm  of  p-type  ma¬ 
terial,  avalanche  occurred  at  12  V  and  the  reverse  saturation  current 
at  room  temperature  was  less  than  1  yA.  The  junction  emitted  uniformly 
in  the  avalanche  mode  for  currents  above  5  ntf.  As  the  current  changed, 
the  emission  would  correspondingly  change.  Second  breakdown  started  at 
40  V  and  25  mA,  with  an  average  current  density  of  about  5  x  10^  A/m^. 
Just  after  the  onset  of  second  breakdown,  the  intensity  of  the  ava¬ 
lanche  emission  dropped,  possibly,  according  to  Dumin,  because  the  di¬ 
ode  was  becoming  hot  or  because  the  current  constriction  was  forming 
but  was  not  yet  optically  visible.  At  50  mA  and  26  V  plasma  emission 
appears  at  one  corner  of  the  diode  and  avalanche  emission  over  the  en¬ 
tire  diode  cuts  off.  With  a  further  increase  in  the  current  level. 
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the  region  of  emission  grows  so  that  it  both  broadens  and  reaches  to¬ 
ward  the  opposite  electrode.  The  second  breakdown  transition  is  taken 
to  correspond  to  the  growth  of  the  emission  filament  across  the  device. 
A  brightness  temperature  of  1300  °C  was  measured  with  an  optical  py¬ 
rometer  at  70  mA  and  19  V.  Dumin  concludes  this  cannot  be  the  lattice 
temperature  since  the  diode  was  operated  for  56  hours  at  90  mA,  17  V 
and  brightness  temperature  above  1300  °C  with  no  physical  deteriora¬ 
tion,  loss  of  light  output,  or  change  in  the  I-V  characteristic. 

Dumin  was  unable  to  follow  photographically  the  time  history  of 
the  current  distribution  during  a  single  pulse.  Sunshine,  using  diodes 
provided  by  Dumin  and  working  in  Dumin's  laboratory,  developed  a  strob¬ 
oscopic  technique  which  does  give  this  time  history.  Sunshine  uses  the 
fact  that  the  light  transmission  through  a  thin-film  silicon- 
on-sapphire  diode,  when  illuminated  by  an  external  source,  is  strongly 
temperature  dependent.  As  the  temperature  goes  up,  the  transmitted 
light  decreases.  Sunshine  used  as  a  pulsed  light  source  an  aluminum- 
gallium-arsenide  laser  (output  at  7100  A  at  77  K)  synchronized  with  the 
constant  current  pulses  that  he  applied  to  the  diodes.  (He  is  probably 
the  first  one  doing  second  breakdown  studies  who  insisted  on  using  con¬ 
stant  current  pulses  rather  than  constant  voltage  or,  more  typically, 
constant  voltage  across  a  network  containing  the  junction  device  in 
series  with  an  external  fixed  resistance.  Constant  current  is  a  more 
controlled  testing  scheme  since  the  voltage  across  the  device  is  a 
single-valued  function  of  the  current,  whereas  the  current  is  not  a 
single-valued  function  of  the  voltage.)  He  used  repetitive  pulses  of 


100  ys  duration  and  turned  on  his  laser  strobe  light  at  some  variable 
time  after  the  initial  rise  of  the  pulse.  The  strobe  was  on  for 
0.01  ys.  By  adjusting  the  position  of  the  strobe  light  relative  to  the 
current  pulse,  he  could  examine  the  current  configuration  through  the 
light  transmittance  as  a  function  of  time.  Unfortunately,  the  laser 
source  had  two  problems  which  made  Sunshine's  experiments  less  enlight¬ 
ening  than  they  might  otherwise  have  been.  First,  changes  in  optical 
transmittance  could  not  be  correlated  directly  to  temperature  because 
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of  interference  effects.  Secondly,  the  wavelength  of  7100  A  is  in  a 
region  of  the  spectrum  where  the  eye  and  photographic  emulsions  are  in¬ 
sensitive,  so  that  image  intensification  methods  had  to  be  used.  Image 
intensification  is  accompanied  by  a  considerable  loss  in  contrast. 

Thus,  Sunshine's  photographs  distinguish  between  "cold"  and  "hot,"  the 
dividing  temperature  being  about  400  °C.  Appreciably  below  this  tem¬ 
perature,  there  is  no  evidence  of  heating  and  appreciably  above  it,  the 
transmittance  of  the  laser  light  goes  almost  to  zero.  Another  limiting 
factor  in  Sunshine's  experiments  was  the  smallness  of  his  diodes. 

These  covered  the  same  size  range  as  Dumin's  and,  as  will  be  discussed 
below,  did  not  reveal  the  range  of  phenomena  visible  with  larger  di¬ 
odes.  Sunshine  studied  his  diodes  under  forward  and  reverse  bias,  not¬ 
ing  that  there  is  a  high  current  transition  in  each  case.  Hence,  he 
called  both  of  these  second  breakdown.  Both  transitions  were  asso¬ 
ciated  with  current  fil amentation.  In  the  reverse  bias  situation,  the 
filament  started  at  the  junction  and  reached  into  the  high  resistance 
side  of  the  junction  to  the  electrode.  In  the  forward  bias  condition, 
the  filament  started  well  within  the  interior  of  the  high  resistance 


region  and  the  junction  appeared  to  play  no  role  at  all.  Sunshine  also 
made  observations  on  the  emitted  light  from  the  diodes.  These  were 
non-stroboscopic  and  similar  in  nature  to  Dumin's  observations.  Fur¬ 
ther,  he  could  measure  either  light  transmittance  at  a  single  position 
as  a  function  of  time  or  light  emission  at  a  single  position  as  a  func¬ 
tion  of  time.  Although  he  gives  no  details  on  these  results,  he  men¬ 
tions  that  a  temperature  resolution  better  than  10  °C  is  possible  with 
a  spatial  resolution  of  1  to  2  pm.  The  results  obtained  by  Sunshine 
fol low. 

a.  The  growth  of  current  filaments  is  shown  photographically  and 
correlated  to  voltage  waveforms  and  light  emission.  Filaments 
are  found  for  both  forward  and  reverse  bias  at  about  the  same 
current  levels. 

b.  The  critical  condition  for  filament  formation  occurs  when  the 
temperature  in  the  high  resistance  side  of  the  junction 
reaches  a  value  Tfi  where  the  resistivity  of  the  material  is  a 
maximum.  The  current  and  voltage  in  the  device  when  this  oc¬ 
curs  are  referred  to  as  the  "threshold"  values  and  are  desig¬ 
nated  by  the  symbols  Ith>F,  IthfR,  Vth,F,  and  Vth>R  the  sub¬ 
scripts  F  and  R  referring  to  the  forward  and  reverse  bias  con¬ 
ditions. 

c.  Current  filaments  under  forward  bias  develop  very  gradually  in 
the  high  resistivity  side  of  the  junction.  The  onset  of  nega¬ 
tive  resistance  occurs  before  the  filament  is  clearly  distin¬ 
guishable  from  its  surroundings. 
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d.  "For  dc  reverse  biases  less  than  It h ,R *  avalanche  process 
maintains  the  uniformity  of  the  current  flow  as  the  current, 
and  hence  the  operating  temperature  are  increased.  When  the 
bias  reaches  Ith,R»  the  operating  temperature  in  some  region 
in  the  junction  becomes  high  enough  that  thermally  generated 
carriers  can  take  over  the  conduction  process,  the  avalanche 
is  thermally  quenched  and  second  breakdown  occurs.  The  nega¬ 
tive  temperature  coefficient  associated  with  the  thermally 
generated  current  results  in  the  current  constricting  and 
flowing  through  a  narrow  region  in  the  junction,  where  the 
temperature  rises  significantly.  The  temperature  of  the  con¬ 
striction  at  just  above  Ith.R  1S  typically  about  700  °C,  al¬ 
though  In  some  diodes  it  can  be  much  lower.  At  high  biases, 
the  constriction  can  become  molten.  The  current  flow  pattern 
in  the  ohmic  region  is  determined  by  the  local  temperature  of 
the  resistive  material  in  series  with  the  junction.  The  cur¬ 
rent  flow  pattern  will  remain  constricted  where  the  local  tem¬ 
perature  is  above  Tn,  and  will  fan  out  into  uniform  ohmic  con¬ 
duction  where  the  local  temperature  is  below  Tn. 

For  reverse  bias  switching  is  response  to  a  constant  cur¬ 
rent  pulse,  the  heating  is  confined  to  the  junction  region. 

The  junction  avalanches  uniformly  until  its  temperature  is 
sufficiently  high  for  it  to  become  thermally  unstable.  The 
current  then  rapidly  constricts  in  the  junction.  If  the  tem¬ 
perature  of  the  constriction  is  greater  than  Tq,  the  high  pow- 
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er  density  region  at  the  perimeter  of  the  constriction  elon¬ 
gates  into  the  ohmic  region.  If  the  constriction  temperature 
is  less  than  Tq,  the  constriction  will  not  extend  itself  into 
the  ohmic  region,  and  the  current  will  flow  through  the  con¬ 
striction  in  the  junction  and  fan  out."5 

e.  The  temperature  dependence  of  avalanche  voltage  was  explored 
and  I-V  characteristics  deduced  using  the  temperature  depen¬ 
dence  in  the  avalanche  coefficients  of  Crowell  and  Sze.38  The 
published  work  of  Sunshine  does  not  include  the  temperature 
dependence  of  the  reverse  saturation  current.  However,  in 
private  conversations  in  December,  1971,  he  indicated  that  the 
basic  thermal  instability  is  due  either  (depending  on  the  de¬ 
tails  of  the  system  geometry)  to  the  temperature  dependence  of 
the  reverse  saturation  current  or  the  turnover  in  the 
temperature-resistivity  curve  at  temperature  Tq. 

f.  The  time  required  for  the  voltage  drop  of  the  second  breakdown 
transition  and  the  accompanying  voltage  drop  are  connected 
with  the  growth  of  a  current  filament  from  junction  to  elec¬ 
trode  on  the  high  resistance  side  of  the  junction.  The  cur¬ 
rent  filament  is  not  accompanied  by  damage  so  long  as  the  cur¬ 
rent  pulse  amplitude  is  not  too  high.  (While  Sunshine  at¬ 
tempted  to  avoid  damage,  he  Indicated  in  private  conversations 
that  only  a  slight  change  in  pulse  amplitude  would  cause  dam¬ 
age  and,  in  the  course  of  his  studies,  he  had  damaged  many  di¬ 
odes.) 
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The  test  specimens  used  by  Budenstein,  Pontius,  and  Smith  were  di¬ 
odes  fabricated  by  Rockwell  International  in  epitaxially  grown  silicon 
films  on  single  crystal  sapphire  substrates,  polished  on  both  sides. 
Parameters  of  the  diodes  covered  a  range  of  junction  widths,  p+,  n,  and 
n+  regions,  and  resistivities  of  the  n-region.  These  are  summarized  in 
Table  1.  The  test  diodes  were  mounted  on  the  stage  of  a  modified 
metallurgical  microscope  and  illuminated  from  above.  The  illuminating 
source  was  an  open  electric  arc  (Xenon  Corporation,  Nanolamp)  whose 
output  pulses  were  of  20  ns  duration  and  50  kW  peak  intensity,  with  a 
broad-band  spectrum,  and  repetition  rate  variable  between  0  and  100  pps. 
The  intensity  was  bright  enough  that  direct  microscopic  observation  and 
photography  were  possible  without  the  need  for  an  image  intensification 
scheme  such  as  that  used  by  Sunshine.  The  broad  band  source  eliminated 
problems  encountered  in  monochromatic  systems,  arising 
from  temperature  dependent  interference  effects  due  to  multiple  in¬ 
ternal  reflections  in  the  silicon  film  and  the  substrate. 

Budenstein,  Pontius,  and  Smith  measured  the  temperature  dependence 
of  the  transmittance  of  monochromatic  and  white  light  through  thin  1.2 
urn  silicon  films  of  different  resistivities.  The  films  were  on  10  mil 
sapphire  substrates,  polished  on  both  sides.  A  stainless  steel  test 
chamber,  fitted  at  opposite  ends  with  quartz  windows  and  heated  by  a 
flow  of  dry  nitrogen,  was  used  for  testing.  A  specimen  wafer  was 
mounted  In  the  chamber  parallel  to  the  quartz  windows,  and  the  intens¬ 
ity  of  light  from  an  Incandescent  source  (with  or  without  a  monochroma¬ 
tor)  passing  through  the  system  was  measured  with  a  photomultiplier. 

The  temperature  of  the  film  was  monitored  by  a  thermocouple  in  the 
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TABLE  1 .--Sill con-on- sapphire  diode  geometries  used  by 

18 

Budenstein,  Pontius,  and  Smith. 


Large  Diodes: 
n-regions: 
n+-regions : 
p+-regions: 

Large  Diodes: 
n-regions  j 
n+-regions: 

p+-regions: 

Small  Diodes; 
n-regions: 

n+-regions: 

p+-regions: 


(Format  1,  21.5  mils  wide,  30  diodes  on 
each  0.5”  square  wafer) 

2  mils  long,  21.5  mils  wide,  0.9  pm  thick, 
resistivities  0.88,  0.46,  0.146,  0.064  ohm-cm. 

21.5  mils  square,  0.75  pm  thick,  5  mils  from 
edge  of  metallization  to  n-region. 

21.5  mils  square,  0.75  pm  thick,  5  mils  from 
edge  of  metallization  to  n-region. 

(Format  2,  21.5  mils  wide,  100  diodes  on 
large  elliptical  wafer) 

vary  in  length  from  zero  to  1  mil,  21.5  mils 
wide. 

21.5  mils  square.  Contact  is  made  only  to 
the  center  1/3  by  etching  away  part  of  the 
oxide. 

21.5  mils  square.  Contact  is  made  only  to 
the  center  1/3  by  etching  away  part  of  the 
oxide. 

(4  mils  wide,  about  1500  diodes  on  each 
0.5"  square  wafer) 

Lengths  of  2i,  li,  3/4,  i,  3/8,  £,  1/8,  and 
1/16  mils.  4  mils  wide,  0.9  pm  thick, 
resistivities  of  0.78,  0.39,  0.159,  0.067 
ohm-cm  in  each  length. 

4  mil  squares  extending  only  a  few  microns 
from  the  edge  of  the  metallization.  0.75 
pm  thick. 

4  mil  squares  extending  only  a  few  microns 
from  the  edge  of  the  metallization.  0.75 
pm  thick. 
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chamber.  The  white  light  transmittance  was  found  to  approximate  a  sim¬ 
ple  exponential  function  of  temperature  with  slope  almost  independent 
of  the  doping  density. 

A  photographic  calibration  was  made  by  replacing  the  photomulti¬ 
plier  with  film  and  making  a  sequence  of  exposures  at  different  temper¬ 
atures,  maintaining  a  fixed  exposure  time.  The  contrast  range  of  the 
film  (Polaroid  Type  107)  was  broken  into  12  steps,  covering  an  exposure 
ratio  of  91:1  and  the  temperature  range  from  25  to  795  °C.  Estimates 
of  temperature  on  stroboscopic  photographs  were  then  made  by  comparison 
of  darkening  with  the  gray  scale  thus  generated. 

Temperature  profiles  across  energized  diodes  on  the  microscope 
stage  were  also  made  using  a  photomultiplier  to  measure  the  transmitted 
light  intensity  over  a  small  area,  selected  by  an  aperture  in  a  mask  on 
the  image  plane  of  the  microscope.  Scanning  was  accomplished  by  trans¬ 
lating  the  stage,  keeping  the  optical  path  constant. 

A  Barnes  infrared  microscope  was  used  to  substantiate  the  results 
of  these  measurement  techniques. 

In  addition  to  studying  the  diode  with  transmitted  light,  the  op¬ 
tical  arrangement  was  used  to  observe  the  light  emission  during  ava¬ 
lanche  and  current  fil amentation. 

The  results  obtained  by  Budenstein,  Pontius,  and  Smith  follow. 

a.  Second  breakdown  is  associated  with  the  growth  of  a  broad  high 
conductance  filament  across  the  high  resistivity  bulk  region 
of  the  device,  followed  by  the  growth  of  a  second  narrow  fila¬ 
ment  Interior  to  the  first  that  also  bridges  the  high  resis¬ 
tivity  region. 
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b.  Filaments,  under  reverse  bias,  are  most  likely  to  nucleate  in 
a  device  with  a  high  current  density  at  a  point  in  the  junc¬ 
tion,  They  may,  under  special  conditions,  nucleate  in  the 
high  resistivity  region. 

c.  Filaments  can  occur,  with  sufficient  driving  current,  under 
forward  bias  and  under  reverse  bias  in  junction  devices.  Fil¬ 
aments  can  occur  in  semiconductors  in  the  absence  of  any  junc¬ 
tion. 

d.  Nucleation  of  a  filament  does  not  cause  damage  to  the  device. 
Nucleation  of  a  filament  is  accompanied  by  a  subtle  drop  in 
device  voltage  when  constant  current  testing  is  done.  Thus, 
nucleation  is  not  the  second  breakdown  transition. 

e.  Nucleation  of  a  filament  in  a  reverse  biased  junction  occurs 
when  a  localized  current  channel  causes  a  drop  in  the  junction 
voltage  to  zero.  This  drop  occurs  when  the  local  temperature 
produces  a  reverse  saturation  current  density  equal  to  the 
current  density  of  the  applied  pulse.  The  junction  internal 
field  has  not  necessarily  reduced  to  a  low  value  when  this 
condition  is  met.  For  conditions  normally  encountered,  the 
reverse  saturation  current  density  is  due  mostly  to  minority 
carriers  in  the  high  resistivity  side  of  the  junction. 

f.  Nucleation  of  a  filament  occurs  at  the  same  place  on  repeated 
pulse  tests  if  the  waveforms  are  Identical  and  the  system 
starts  at  the  same  temperature.  Nucleation  occurs  at  differ¬ 
ent  points  If  the  applied  pulses  are  varied  in  amplitude  or 
length.  Thus,  the  major  role  in  determining  filament  loca- 
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tions  is  due  to  the  macroscopic  system  geometry,  heat  flow 
equation  and  electrical  conduction  equations. 

g.  Upon  nucleation  of  a  filament  at  a  point  in  the  junction,  cur¬ 
rent  from  neighboring  regions  funnels  through  the  zero-voltage 
channel.  The  channel  width  grows  to  about  15  pm  as  the  con¬ 
verging  current  causes  further  local  heating.  However,  the 
converging  current  is  accompanied  by  a  spreading  resistance 
which  serves  as  a  ballast.  A  potential  gradient  is  produced 
along  the  current  lines  and,  hence,  along  the  junction.  Thus 
the  junction  voltage  changes  from  zero  at  the  channel  to  the 
avalanche  voltage  about  50  pm  away.  The  junction  is  non¬ 
conducting  immediately  outside  the  channel  and  remains  non¬ 
conducting  until  the  voltage  rises  to  the  avalanche  voltage 
about  50  pm  away.  Thus,  the  junction  adjacent  to  a  channel  is 
cool  and  emits  no  avalanche  radiation. 

h.  Multiple  filaments  can  be  formed  In  a  reverse-biased  junction. 
The  higher  the  amplitude  of  the  exciting  current  pulses,  the 
greater  the  density  of  the  filaments. 

1.  For  a  given  pulse  duration,  the  number  of  filaments  nucleated 
under  reverse  bias  Increases  as  amplitude  Increases,  up  to  a 
maximum  number.  Thereafter,  the  added  current  density  causes 
the  filaments  to  grow  Into  the  high  resistivity  region. 

Growth  occurs  both  in  length  and  width  as  the  material  adjoin¬ 
ing  the  filament  rises  in  temperature  above  the  maximum  in  the 
resistivity-temperature  curve.  A  filament  may  attain  a  width 
of  25  to  75  urn  under  pulse  testing  and  a  temperature  at  its 
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center  of  aoout  1000  °C.  During  the  growth  period,  there  is 
an  appreciable  voltage  drop.  The  growth  time  is  typically 
greater  than  10  ys.  This  growth  peri od  is  frequently  defined 
as  second  breakdown.  No  damage  occurs  during  filament  growth. 

j.  When  a  broad  filament  reaches  all  the  way  across  the  high  re¬ 
sistivity  region,  a  narrow  melt  channel  grows  through  the  cen¬ 
ter  of  the  filament  and  the  voltage  drops  abruptly  to  a  lower 
value  where  it  stabilizes  and  the  filament  stabilizes.  The 
melt  channel  width,  at  current  densities  near  threshold,  is 
about  1  urn.  The  transition  time  for  growth  of  the  melt 
channel  is  typically  less  than  1  ys.  Formation  of  a  melt 
channel  is  the  destructive  form  of  second  breakdown;  it  vs  al¬ 
ways  accompanied  by.  device  damage. 

k.  If  a  current  step  of  relatively  low  amplitude  is  applied  and 
filamentation  occurs,  the  system  reaches  a  steady  state  where¬ 
in  the  filament  is  quite  broad  (width  increases  with  decreas¬ 
ing  resistivity  of  the  high  resistance  region;  widths  of  100 
to  150  ym  have  been  observed).  Upon  increasing  the  current 
amplitude,  the  filament  broadens,  gets  hotter  and  the  device 
voltage  drops  to  a  new  stable  value.  This  can  be  continued 
until  the  voltage  falls  to  about  2/3  of  its  pre-transition 
value.  With  further  increase  in  the  current  amplitude,  mas¬ 
sive  melting,  vaporization,  and  electrode  damage  occur.  How¬ 
ever,  there  is  no  second  stage  of  filamentation. 

l.  The  "critical  energy"  of  Schafft  and  French  is  related  to  that 
required  to  raise  the  temperature,  in  the  presence  of  the  de- 
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vice  heat  sink,  of  the  high  resistivity  region  to  a  value 
close  to  the  maximum  of  the  resistivity-temperature  curve.  It 
is  then  possible  for  a  filament  to  grow  rapidly  across  this 
region.  The  "delay  time"  is  the  time  from  the  beginning  of  a 
current  pulse  to  the  start  of  the  growth  of  the  filament 
across  the  high  resistivity  region. 

D.  Non-Destructive  Screening,  Failure  Thresholds,  and  Related  Effects 
Tasca  et  al_.^  have  attempted  to  develop  a  non-destructive  method 
for  screening  devices  resistant  to  second  breakdown  from  those  more 
prone  to  second  breakdown.  The  intent  was  to  guard  against  reduced 
second  breakdown  resistance  when  a  manufacturer  makes  small  changes  in 
fabrication  procedures  for  a  given  device  type.  The  authors  regarded 
junction  area  and  reverse  bias  depletion  width  as  significant  parame¬ 
ters.  These,  in  turn,  would  influence  junction  capacitance,  forward 
voltage  drop,  and  avalanche  voltage.  Tests  were  conducted  on  225 
IN4148  planar  epitaxial  passivated  diodes  fabricated  similarly  except 
that  three  different  junction  diffusion  windows  were  used:  3,  4.3,  and 
6  mil  square.  A  correlation  was  found  between  the  100  nanosecond 
breakdown  energy  and  the  forward  voltage  at  a  forward  current  of  1  mA. 
The  data  presented  show  that  more  current  is  required  to  bring  a  device 
into  second  breakdown  if  the  device's  junction  area  is  large,  that  is, 
current  density  Is  an  Important  parameter.  It  is  not  clear  that  the 
method  suggested  would  be  useful  if  the  manufacturer  changed  other  as¬ 
pects  of  device  geometry  besides  the  area.  A  second  screening  tech¬ 
nique  was  to  measure  the  energy  required  for  the  onset  of  the  non¬ 
destructive  form  of  second  breakdown  using  a  standard  pulse  length. 
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The  authors  did  not  give  details  of  the  test  circuit  used,  but  it  prob¬ 
ably  was  not  with  constant  current  pulses.  Constant  current  testing, 
as  emphasized  by  Sunshine,  gives  better  control  than  does  a  circuit 
with  constant  external  impedance. 

Brown^l  applied  pulses  in  the  range  of  3  to  55  ns  to  high  fre¬ 
quency  transistors  of  known  geometry  in  order  to  (1)  determine  the 
junction  degradation  produced  as  a  function  of  pulse  current,  pulse 
power,  and  pulse  duration;  (2)  develop  a  microscopic  model  for  the  de¬ 
gradation  mechanism;  and  (3)  suggest  design  modifications  that  would 
increase  the  tolerance  of  future  devices  to  pulse  degradation.  The 
damage,  regardless  of  the  terminals  used  to  excite  the  transistors,  al¬ 
ways  appeared  at  the  emitter-base  junction.  The  apparent  failure  mech¬ 
anism  was  the  formation  of  conducting  paths  in  parallel  with  the 
emitter-base  junction,  probably  the  result  of  localized  junction  melt¬ 
ing  during  the  application  of  a  pulse.  The  author  found  that  the  cur¬ 
rent  and  power  thresholds  for  damage  exhibited  power  law  dependences  on 
the  pulse  length,  a  different  exponential  being  required  to  describe 
each  device.  For  eight  different  device  types,  pulse  width  dependences 
from  tp-*17  to  tp**56  were  obtained  for  the  current  at  failure,  while 
dependences  from  tp~*32  to  tp-«84  were  obtained  for  the  power  at  fail¬ 
ure.  No  perspective  on  the  pulse  length  dependence  could  be  given. 
However,  the  delay  time  studies  described  by  Budenstein  et  al .17.19 
show  that  the  pattern  of  current  filamentation  at  the  threshold  of 
second  breakdown  is  a  function  of  pulse  length.  They  conclude  that  the 
filamentation  pattern  depends  strongly  upon  device  geometry,  including 
dynamic  thermal  characteristics.  Brown  concludes  that  the  devices  most 
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resistant  to  second  breakdown  were  those  with  the  largest  emitter  pe¬ 
ripheries  and  deep  emitter  diffusions.  Experiments  were  also  done  on 
annealing  of  damage  by  placing  devices  in  an  oven  (300  °C  for  one  hour) 
or  by  sending  currents  through  the  devices  in  a  variety  of  arrangements 
(15  minutes).  The  transistor  gain  was  monitored  before  pulsing,  after 
damage,  and  after  annealing.  Each  of  the  annealing  procedures  caused 
some  improvement,  but  the  one  with  the  highest  currents  caused  the 
greatest  improvement.  The  amount  of  recovery  varied  with  the  device. 

No  mechanism  for  annealing  was  suggested. 

Wunsch  and  Bel  1^2  have  developed  a  model  for  determining  the 
threshold  failure  levels  of  semiconductor  devices  subjected  to  electri¬ 
cal  pulses  with  durations  of  0.1  to  20  us.  This  model  uses  linear  heat 
flow  theory  and  the  thermal  characteristics  of  the  semiconductor  to  re¬ 
late  threshold  power  density  to  delay  time.  Failure  is  assumed  to  oc¬ 
cur  when  the  temperature  reaches  the  melting  point  of  the  semiconductor 
material.  Average  power  per  unit  area  and  delay  time  are  related  by 
the  equation 

P/A  =  (wkPCp)l/2(Tm  -  TiJtp-1/2  (2.1) 

where 

P  =  Power 

A  =  Junction  area 

k  =  Thermal  conductivity 

tp  *  Delay  Time 

p  =  Density 

Cp  *  Specific  heat 

Tm  *  Failure  temperature 

Ti  *  Initial  temperature 
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Approximations  such  as  constant  thermal  conductivity,  specific  heat, 
and  density  are  used  in  the  Wunsch-Bell  model.  The  model  was  applied 
to  experimental  results  from  over  1200  devices  of  approximately  80  dif¬ 
ferent  types.  A  best-fit  to  the  experimental  results  gave  the  semi- 
empirical  relation  P/A  =  480tp-1/2,  where,  for  tp  in  microseconds,  P/A 
is  kW/cm2.  Actual  failures  on  all  types  of  devices  tested  were  within 
one  order  of  magnitude  of  Eq.  2.1,  and  even  closer  to  the  semi- 
empirical  relation.  Although  more  exact  thermal  models  exist  for  spe¬ 
cial  conditions,  the  Wunsch-Bell  model  is  useful  for  making  quick,  or¬ 
der  of  magnitude  estimates  of  failure  thresholds  for  a  wide  variety  of 
silicon  diodes  and  transitors. 

Budenstein,  Pontius,  and  Smith18*20  have  described  the  melt  tran¬ 
sition  in  terms  of  a  single  heat-transfer  coefficient  characteristic  of 
the  device  type.  As  the  melt  filament  grows,  the  voltage  across  the 
filament  (and  the  device)  falls.  The  threshold  current  for  filamenta- 
tion  varies  as  (p“8/4),  where  p  is  the  resistivity  of  the  high- 
resistance  region.  Experimental  data  were  presented  in  support  of  the 
model . 


E.  Scope  of  the  Present  Experimentation 
Chapter  III  contains  a  description  of  the  experimental  methods 
used  in  this  study.  Chapter  IV  describes  and  characterizes  the  test 
specimens.  Chapter  V  presents  the  experimental  results.  Chapter  VII 
presents  conclusions  based  on  experimental  results,  and  Chapter  XIII 
discusses  implications  of  the  experimental  results  on  device  screening 
techniques. 


III.  EXPERIMENTAL  METHODS 


The  stroboscopic  method  for  observing  dynamic  temperature  distri¬ 
butions  in  planar  silicon-on-sapphire  devices  was  developed  by  Sun- 
shine^.l?  and  employed  in  this  study  as  refined  by  Budenstein,  Pontius, 
and  Smith. 18-22  ^  silicon-on-sapphire  diode  subjected  to  repetitive 
electrical  pulses  is  illuminated  by  a  pulsed  arc  lamp  synchronized  with 
the  electrical  pulses  and  viewed  microscopical ly.  Heating  patterns  are 
visible  because  the  optical  transmittance  of  a  thin  silicon  film  de¬ 
creases  as  temperature  increases.  Since  the  silicon  becomes  less 
transparent  as  it  gets  hotter,  dark  or  opaque  areas  indicate  heating 
and  localization  of  current. 

Figure  2  shows  a  block  diagram  of  the  experimental  apparatus  used 
to  study  diodes  under  electrical  stress.  The  silicon-on-sapphire  wafer 
containing  the  test  diode  is  mounted  on  the  stage  of  an  inverted  opti¬ 
cal  microscope  (Reichart  Research  Metallograph  "MeF  2X")  with  probes 
contacting  the  diode  terminals.  An  electrical  pulse  is  applied  with 
either  a  constant  current  generator  or  a  constant  impedance  generator. 
The  constant  current  generator  uses  a  Hewlett-Packard  Model  214A  pulse 
generator  and  either  a  high  voltage  transistor  (TRS  6006),  or  a  beam 
power  tetrode  (4CX350A).  The  constant  impedance  generator  is  a  Velonex 
Model  380  high  power  pulse  generator. 

A  trigger  signal  from  the  pulse  generator  determines  the  firing 
time  of  the  arc  lamp  (usually  Xenon  Corp.  Model  787B)  relative  to  the 
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electrical  pulse.  The  power  supply  of  the  arc  lamp  was  a  Xenon  Corp. 
Model  437  Nanopul ser  or  a  Pulspak  10A  pulse  generator.  Light  from  the 
arc  lamp  is  focussed  onto  the  diode  through  a  high  quality  lens  system. 
The  transmitted  light  is  then  observed  or  photographed  microscopically. 
The  microscope  was  also  used  to  investigate  light  emission  from  the  di¬ 
ode  under  reverse  bias. 

The  current  and  voltage  waveforms  were  acquired  with  an  oscillo¬ 
scope  (Tektronix  Type  549  or  551)  or  a  transient  digitizer  (Tektronix 
R7912).  The  waveforms  were  recorded  photographically  from  the  oscillo¬ 
scope,  and  on  floppy  disks  from  the  transient  digitizer.  Hard  copies 
could  be  made  of  the  waveforms  stored  on  floppy  disks.  The  photograph¬ 
ically  recorded  waveforms  were  digitized  and  mathematically  processed 
for  about  250  diodes.  R.  Turfler  of  the  BDM  Corporation  performed  the 
digitizing  and  processing.  The  waveforms  stored  on  floppy  disks  were 
analyzed  with  additional  waveform  processing  equipment  from  Tektronix. 

A  Tektronix  Type  576  curve  tracer  (not  shown)  was  used  to  electri¬ 
cally  characterize  the  diodes.  The  various  components  in  the  block  di¬ 
agram  of  Fig.  2  will  now  be  discussed  in  more  detail. 

A.  Stroboscopic  Method 

A  diagram  of  a  sil icon-on-sapphire  diode  on  the  stage  of  the 
Reichert  Research  Metal lograph  is  shown  in  Fig.  3.  The  contact  probes 
are  Wentworth  Laboratories  Model  PR -0160  or  Model  PR -0191.  A  low  pow¬ 
er,  long  working  distance  stereomicroscope  was  located  above  the  stage 
and  used  to  position  the  probes.  The  probes  have  magnetic  bases  which 
are  firmly  held  to  a  steel  plate  mounted  on  the  microscope  stage.  The 


Pig.  3.  A  sill con-on- sapphire  diode  in  position  for 
observation  of  second  breakdown  phenomena.  The  wafers, 
probes,  and  stage  are  moved  as  a  unit  to  select  the  area 
of  observation. 


stage  could  be  moved  relative  to  the  objective  lens  by  two  micrometer 
adjustments. 


The  arc  lamp  was  focussed  on  the  wafer  surface  by  a  lens  and  the 
Reichert  condenser  lens  system.  The  lamp's  intensity  of  50,000  W  in 
the  visible  range  is  sufficient  that  no  image  intensification  is  re¬ 
quired  for  direct  microscope  observation.  The  duration  of  the  Model 
787B  arc  lamp  is  20  ns,  much  shorter  than  the  pulses  used  to  electri¬ 
cally  stress  the  diodes  in  this  study.  The  experiments  were  performed 
at  a  pulse  repetition  rate  between  10  and  100  per  second. 

The  arc  lamp  does  not  fire  at  exactly  the  same  voltage  every 
pulse,  so  there  is  a  small  amount  of  jitter  relative  to  the  trigger 
pulse.  The  amplitude  of  the  jitter  depends  on  the  pulse  risetime  of 
the  arc  lamp  power  supply.  The  power  supply  used  for  most  of  the  tests 
(Xenon  Corp.  Model  437)  introduced  a  jitter  with  a  maximum  amplitude  of 
about  1  us.  The  Pulsar  Associates,  Inc.  Pulspak  10A  had  the  capability 
to  fire  the  nanolamp  with  less  than  10  ns  jitter.  However,  most  elec¬ 
trical  tests  were  done  with  pulses  10  y$  in  length  and  jitter  was  not  a 
problem.  The  Model  437  could  be  pulsed  at  a  repetition  rate  of  up  to 
100  per  second  whereas  the  Pulspak  10A  allowed  a  maximum  rate  of  only 
10  per  second.  The  convenience  of  a  faster  repetition  rate  was  the 
primary  reason  for  using  the  Model  437.  In  addition,  some  circuit 
problems  occurred  with  the  Pulspak  10A  due  to  the  low  impedance  of  the 
arc  lamp,  making  it  unavailable  while  it  was  being  repaired  by  the  man¬ 
ufacturer. 

An  Important  concern  is  whether  the  heating  pattern  changes  from 
one  pulse  to  the  next.  In  general,  this  does  not  happen;  the  temporal 
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and  spatial  heating  pattern  is  highly  reproducible  for  a  particular  di¬ 
ode  and  pulse  condition,  as  long  as  the  pulse  amplitude  is  kept  below 
the  damage  threshold. 

Another  concern  is  the  time  for  the  diode  to  cool  after  the  pulse 
ends.  Stroboscopic  observations  obtained  by  positioning  the  strobe 
light  after  the  end  of  each  electrical  exciting  pulse  show  that  the 
thermal  time  constant  for  diodes  0.4  urn  thick  is  about  1  pS.  The  pulse 
repetition  rates  were  low  enough  that  the  time  between  pulses  (greater 
than  10^  ps)  was  long  compared  to  1  ps. 

The  heating  patterns  were  photographed  on  Polaroid  Type  667  film, 
which  has  an  ASA  speed  rating  of  3000.  For  proper  exposure  of  the 
film,  the  integrated  transmitted  light  from  50  to  500  pulses  was  needed 
to  record  a  single  heating  pattern.  The  number  of  pulses  necessary  for 
an  exposure  depended  on  the  age  of  the  arc  lamp;  the  light  intensity 
gradually  decreased  over  its  lifetime.  Visual  observations  of  single 
pulse  heating  patterns  show  no  discernable  differences  from  the  inte¬ 
grated  pulse  photographs. 


B.  Circuit  Considerations 

Both  constant  current  pulses  and  voltage  pulses  were  used  to  study 
f il amentation  patterns  and  breakdown  thresholds.  Constant  current 
pulses  were  generated  with  a  high  voltage  transistor  (TRS  6006)  or  a 
beam  power  tetrode  (4CX350A).  A  Hewlett-Packard  214A  pulse  generator 
controlled  both  the  transistor  and  the  tetrode.  The  transistor  pro¬ 
vided  for  device  voltages  up  to  about  600  V,  and  the  tetrode  circuit 
voltages  to  1000  V.  Voltage  pulses  were  obtained  with  a  Velonex  Model 
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380  pulse  generator.  Pulses  of  approximately  1000  V  could  be  applied 
to  high  impedance  loads. 

Figure  4  shows  the  constant  current  circuit  with  the  high  voltage 
transistor.  The  upper  part  of  the  figure  shows  the  circuit  configura¬ 
tion  for  obtaining  current  waveforms,  and  the  lower  part  the  circuit 
for  voltage  waveforms.  A  three- pole,  two  position  switch  was  used  to 
change  the  circuit  from  current  to  voltage  waveform  acquisition;  this 
switch  is  not  shown  because  it  complicates  the  circuit  diagram.  The 
only  difference  between  the  two  configurations  is  that  the  positions  of 
the  diode  and  the  1  kn  current-measuring  resistor  have  been  inter¬ 
changed,  keeping  the  same  polarity  on  the  diode.  Interchanging  the  two 
components  has  no  effect  on  the  diode  waveform  characteristics. 

The  HP-214A  pulse  generator  provides  a  variable  width  rectangular 
pulse  which  is  used  to  forward  bias  the  emitter-base  terminals  of  the 
high  voltage  transistor.  The  214A  also  provides  a  trigger  pulse  whose 
position  in  time  relative  to  the  leading  edge  of  the  rectangular  vol¬ 
tage  pulse  can  be  continuously  delayed  or  advanced  up  to  10  ms.  The 
trigger  output  determines  the  time  at  which  the  arc  lamp  is  fired. 
However,  the  214A  trigger  pulse  Is  inadequate  to  actuate  the  trigger 
input  of  the  Model  437  arc  lamp  power  supply,  so  the  214A  trigger  ex¬ 
cited  a  GR  Model  1217B  pulse  generator  which  provided  the  required  arc 
lamp  trigger  pulse.  Because  of  the  throughput  time  of  the  Model  437, 
the  trigger  pulse  had  to  be  applied  before  the  10  ys  exciting  pulse  ap¬ 
plied  to  the  diode. 

The  waveform  acquisition  Instrument  was  either  a  transient  digiti¬ 
zer,  which  is  described  in  Section  III.C.,  or  a  Tektronix  Type  549  or 
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Pig.  4.  Constant  current  circuit,  (a)  Circuit 
configuration  to  observe  the  current  waveform,  (b) 
Circuit  configuration  to  observe  the  voltage  waveform. 
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551  oscilloscope.  It  was  necessary  to  keep  the  transient  digitizer  and 
its  associated  components  well  grounded.  This  meant  that  the  HP-214A 
pulse  generator  had  to  be  "floated"  using  an  isolation  transformer.  It 
was  placed  in  a  lucite  and  fiberboard  box  with  lucite  and  teflon  exten¬ 
ders  on  the  knobs.  The  trigger  signal  was  isolated  by  two  capacitors. 

The  high  voltage  supply  (Fluke  Model  4070)  is  connected  across  the 
series  combination  of  current-measuring  resistor,  diode,  and  transis¬ 
tor.  A  large  capacitor  and  bleeding  resistor  (100  kn)  are  parallel 
with  the  high  voltage  supply  to  eliminate  voltage  fluctuations. 

The  transient  digitizer  was  coupled  to  the  circuit  by  a  X10  atten¬ 
uation  probe.  However,  this  attenuation  was  not  sufficient  for  the 
highest  amplitude  waveforms,  so  a  voltage  divider  is  included  in  the 
circuit.  The  voltage  divider  consists  of  the  two  1  Mft  resistors  and  a 
variable  trimmer  capacitor  of  10-20  pF.  The  trimmer  capacitor  is 
necessary  to  compensate  for  the  input  capacitance  of  the  oscilloscope 
probe.  The  exact  value  of  the  voltage  divider  was  determined  from  the 
calibrated  reference  voltages  of  one  of  the  oscilloscopes. 

The  diode  is  physically  connected  to  the  circuit  by  two  coaxial 
cables  which  attach  to  the  Wentworth  Laboratories  Model  PR -0191  probes. 
These  cables  serve  to  reduce  electrical  noise  but  they  also  introduce 
undesirable  capacitance,  about  100  pF  each.  This  and  other  stray  ca¬ 
pacitance  cause  severe  risetime  problems  if  the  diode  impedance  is  too 
high.  A  slightly  modified  circuit,  described  in  Section  III.F.,  was 
used  to  study  high  Impedance  diodes. 
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The  actual  firing  time  of  the  arc  lamp  relative  to  the  diagnostic 
waveforms  was  established  by  a  small  amount  of  electrical  noise  from 
the  lamp  which  appeared  on  the  waveforms. 

For  higher  voltage  or  higher  power,  the  tetrode  circuit  shown  in 
Fig.  5  was  used.  The  characteristics  of  the  4CX350A  beam  power  tetrode 
indicate  that  output  plate  current  is  nearly  constant  when  the  plate 
voltage  is  in  the  600  -  1500  V  range,  with  a  constant  screen  voltage  of 
400  V,  and  with  a  constant  grid  bias  voltage.  The  plate  current  in¬ 
creases  from  0  to  1.2  A  as  the  grid  bias  changes  from  -45  to  0  V. 

The  operation  of  the  tetrode  and  transistor  circuits  is  very  simi¬ 
lar.  The  main  differences  are  those  which  are  necessary  to  accommodate 
the  tetrode  circuit  requirements;  these  differences  are  described  be¬ 
low. 

The  400  V  screen  bias  is  obtained  from  a  voltage  divider  consist¬ 
ing  of  the  1.8  Mil  and  the  1.2  Mil  resistors.  A  1  pF  capacitor  is  placed 
in  parallel  with  the  1.2  Mil  resistor  to  absorb  voltage  fluctuations.  A 
constant  1000  V  is  maintained  on  the  high  voltage  supply  (Fluke  Model 
412B).  The  68  kti  resistor  in  series  with  the  high  voltage  supply  lim¬ 
its  the  Initial  capacitor  charging  current  to  less  than  30  mA.  Grid 
bias  is  provided  by  the  combination  of  the  67  1/2  V  battery  and  the  HP- 
214A  pulse  generator. 

As  mentioned  previously,  voltage  pulses  were  obtained  with  a  Vel- 
onex  Model  380  high  power  pulse  generator.  These  pulses  were  of  cons¬ 
tant  amplitude  only  for  high  Impedance  diodes.  The  pulse  amplitude  de¬ 
pends  on  load  Impedance,  and  the  diode  Impedance  usually  changes  during 
the  pulse.  Since  the  Velonex  pulser  did  not  have  a  delayed  trigger 
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Pig.  5.  Constant  current  circuit  using  bean  power 
tetrode. 
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signal,  the  HP-214A  was  used  to  control  the  trigger  inputs  of  both  the 
arc  lamp  power  supply  and  the  Velonex  pulser. 

C.  Transient  Digitizer,  Waveform  Analysis 

During  a  portion  of  this  study,  a  Tektronix  Digital  Waveform  Ins¬ 
trument  was  available.  This  instrument  is  ideally  suited  for  recording 
and  processing  single-shot  events  on  the  time  scale  of  interest  in 
these  experiments.  It  can  accept  multiple  input  signals,  requiring  one 
R7912  transient  digitizer  for  each  signal.  The  system,  more  specifi- 
cal ly, 

1.  records  the  incident  pulse  in  digital  form  (sampling  the  pulse 
512  times  in  a  single  pulse  for  pulses  as  short  as  5  ns  and  as 
long  as  1000  us. 

2.  displays  the  incident  pulse  on  a  monitor 

3.  stores  the  digital  record  of  the  pulse 

4.  processes  the  incident  pulse  as  directed  (differentiation, 
Fourier  analysis,  etc.) 

5.  displays  the  output  of  the  central  processing  unit  on  a  graph¬ 
ics  display  terminal 

6.  provides  a  hard  copy  of  the  information  displayed  on  the 
graphics  display  terminal 

The  waveform  analyzing  Instrument  consisted  of  an  R7912  transient 
digitizer  to  receive  and  store  the  incoming  waveform,  a  632  video  moni¬ 
tor  to  display  the  waveform,  a  4165  controller  to  analyze  the  waveform, 
a  4010  graphics  terminal  to  display  processed  waveforms  and  to  input 
instructions,  and  a  hard  copy  unit  to  obtain  copies  of  information  dis¬ 
played  on  the  graphics  terminal. 
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The  transient  digitizer  contains  the  controls  which  govern  the 
display  of  the  incoming  waveform.  These  controls  include  vertical  and 
horizontal  scale  factors,  method  of  triggering,  trace  intensity,  focus, 
and  z-axis  modulation.  The  waveform  is  stored  on  a  specially-designed 
tube  in  the  transient  digitizer,  called  a  scan  converter  tube,  which 
contains  a  matrix  of  silicon  diodes  on  an  single  chip.  The  chip  is  1.3 
by  0.95  cm  with  a  density  of  about  800  diodes  per  linear  centimeter. 

On  one  side  of  the  chip  is  a  reading  gun  and  on  the  opposite  side  is  a 
writing  gun.  The  diodes  are  either  in  an  uncharged  or  a  charged  condi¬ 
tion,  corresponding  to  the  written  or  unwritten  state,  respectively. 

The  charge  condition  may  be  changed  by  the  writing  beam,  which  is  modu¬ 
lated  by  the  incoming  waveform.  Thus,  waveform  information  may  be 
stored  on  the  diode  array  in  the  form  of  charged  and  uncharged  diodes, 
that  is,  in  digital  form.  This  information  may  then  be  stored  in  the 
4165  controller  memory  and  on  a  floppy  disk.  Because  of  the  finite 
width  of  the  trace,  there  will  usually  be  two  vertical  points  for  each 
horizontal  point,  corresponding  to  the  upper  and  lower  edges  of  the 
trace.  After  storage  in  controller  memory,  the  waveform  may  be  oper¬ 
ated  on  by  "TEK  SPS  BASIC"  functions.  TEK  SPS  BASIC  is  a  modified 
BASIC  language  which  includes  special  functions  to  communicate  with  the 
transient  digitizer,  display  graphics  data,  and  process  string  func¬ 
tions.  The  waveform,  tables,  comments,  and  other  Information  may  be 
displayed  on  the  graphics  terminal.  This  graphics  display  may  then  be 
hard-copied. 

A  general  purpose  program  was  written  which  would  acquire  the 
necessary  waveforms,  assign  a  file  name  to  the  waveform,  and  store  the 
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waveform  on  a  floppy  disk.  The  program  contains  two  subroutines.  The 
first  acquires  correction  data  to  adjust  the  waveform  for  defective  di¬ 
odes  in  the  scan  converter  tube  and  for  geometric  distortion  effects. 
The  second  performs  the  data  corrections.  The  first  subroutine 
searches  the  scan  converter  tube  for  defective  diodes  and  identifies 
these  diodes  in  a  special  array.  Then  a  dot  graticule  is  displayed  on 
the  video  monitor  and  digitized  into  controller  memory.  The  digitized 
dot  graticule  is  compared  to  the  instrument's  internally  generated 
electronic  dot  graticule  and  tables  of  horizontal  and  vertical  con¬ 
stants  are  prepared  to  correct  the  waveform  for  electron  beam  distor¬ 
tion.  Next  the  first  subroutine  acquires  a  zero- reference  trace,  that 
is,  a  trace  with  the  input  grounded.  Then  it  returns  control  to  the 
main  program.  The  second  subroutine  rejects  defective  data,  finds  the 
best  average  of  the  upper  and  lower  edges  of  the  trace,  interpolates 
missing  data  when  necessary,  performs  the  geometry  correction,  and  uses 
the  zero- reference  trace  to  adjust  the  waveform  amplitude. 

The  main  program  was  designed  to  acquire  current  and  voltage  wave¬ 
forms,  assign  them  file  names,  and  store  them  on  floppy  disks  under  the 
given  file  names.  Comments  and  other  data  were  also  stored  with  the 
waveforms.  The  file  name  was  designed  so  that  it  uniquely  identified  a 
particular  diode. 

Several  other  programs  were  also  used.  One  was  written  to  take 
two  waveforms,  compute  their  derivatives,  their  product,  and  the  deriv¬ 
ative  of  the  product.  If  the  original  waveforms  are  current  and  vol¬ 
tage  versus  time,  then  the  program  will  compute  the  derivatives  of  cur¬ 
rent  and  voltage  versus  time,  power  versus  time,  and  the  derivative  of 
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power  versus  time.  Taking  the  derivative  of  an  experimental  waveform 
is  somewhat  difficult  because  of  random  noise.  Some  sort  of  averaging 
process  is  necessary,  so  the  derivatives  have  poorer  resolution  than 
the  originals. 

D.  Typical  Test  Sequence 

In  order  to  investigate  diode  behavior  near  the  second  breakdown 
threshold,  a  series  of  tests  correlating  waveform  shape  and  n-region 
heating  were  performed.  A  typical  test  sequence  began  by  verifying 
that  the  diode  I-V  curve  was  normal.  Then  the  diode  was  photographed 
with  no  current  flowing  through  it;  this  is  referred  to  as  a  "zero  bi¬ 
as"  photograph.  Next,  the  diode  was  electrically  stressed  using  con¬ 
stant  current  or  constant  impedance  pulses  at  a  repetition  rate  between 
10  and  100  per  second.  Initially,  the  pulse  amplitude  was  set  well  be¬ 
low  the  second  breakdown  threshold.  The  n-region  heating  was  observed 
stroboscopical ly  by  firing  the  arc  lamp  at  the  end  of  the  pulse.  Then 
the  pulse  amplitude  was  increased  very  gradually,  carefully  observing 
any  changes  in  the  n-region  heating  pattern  and  the  shape  of  the  vol¬ 
tage  waveform.  Both  the  n-region  heating  pattern  and  the  voltage  wave¬ 
form  were  useful  in  estimating  nearness  to  second  breakdown.  Hot  spots 
on  the  p+n  junction  and  a  drop  in  voltage  near  the  end  of  the  voltage 
waveform  are  indications  that  the  diode  is  on  the  verge  of  second 
breakdown. 

When  the  diode  was  judged  to  be  as  near  as  possible  to  destructive 
second  breakdown  (melt  formation),  current  and  voltage  waveforms  were 
taken  with  either  the  transient  digitizer  or  an  oscilloscope,  and  a 
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photograph  was  taken  of  the  n-region  heating  pattern.  In  many  cases, 
diode  behavior  was  interesting  enough  to  require  a  number  of  heating 
pattern  photographs,  taken  at  different  times  during  the  pulse  and  at 
different  current  levels. 

In  a  few  cases,  the  photographic  arrangement  of  the  stroboscopic 
setup  was  used  to  record  light  emission  from  reverse  biased  diodes. 

The  integrated  intensity  of  each  pulse  is  obtained  since  no  shutter  was 
available  to  stroboscopically  examine  the  emitted  light.  Normally,  it 
is  necessary  to  integrate  over  a  large  number  of  10  ys  pulses  to  obtain 
good  photographs  (typically  several  million  for  diodes  with  the  highest 
n-region  doping  level). 

The  waveforms  and  other  relevant  information  were  recorded  on 
hardcopies  and  floppy  disks  with  the  transient  digitizer.  Polaroid 
film  was  used  to  record  waveforms  taken  with  an  oscilloscope.  Diodes 
were  tested  under  forward  and  reverse  bias. 

E.  Energy  Threshold  Measurements 

Two  energies  are  of  interest  in  determining  the  total  energy  input 
to  the  diode  to  bring  it  to  the  threshold  of  second  breakdown:  the  en¬ 
ergy  input  during  the  maximum  amplitude  non-destructive  pulse,  and  the 
energy  input  necessary  to  cause  failure  during  the  destructive  pulse. 

It  was  originally  thought  that  two  transient  digitizers  would  be  avail¬ 
able  for  energy  threshold  analysis.  Unfortunately,  the  second  tran¬ 
sient  digitizer  did  not  arrive  while  the  digital  waveform  instrument 
was  on  loan  to  Auburn  University.  Thus,  the  Tektronix  waveform  system 
could  not  record  two  waveforms  simultaneously,  so  much  of  the  useful- 
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ness  of  this  instrument  associated  with  its  ability  to  perform  mathe¬ 
matical  manipulation  of  waveforms  was  lost.  Fortunately,  simultaneous 
voltage  and  current  waveforms  could  be  recorded  on  film  (Polaroid  Type 
667)  using  a  Tektronix  Type  551  dual  beam  oscilloscope.  Zerox  copies 
of  the  waveform  photographs,  and  related  data  were  sent  to  R.  Turfler 
of  the  BOM  Corporation  for  digitizing  and  computer  analysis.  The  BDM 
Corporation  has  developed  a  data  base  on  impulse  damage  to  many  types 
of  devices.  The  present  experiments  add  to  this  base,  providing  data 
on  well -character!' zed  devices.  The  digitized  waveforms  and  the  data 
computed  from  them  were  then  analyzed  at  Auburn. 

The  constant  current  circuit  described  previously  could  not  be 
used  for  energy  threshold  tests  on  high  impedance  diodes  because  pulse 
risetimes  were  too  long.  When  a  10  kfl  resistor  was  substituted  for  the 
diode,  the  pulse  risetime  was  about  1  us.  However,  many  diodes  of  in¬ 
terest  had  impedances  much  higher  that  10  kfl,  with  correspondingly  in¬ 
creased  risetimes.  Thus,  it  was  necessary  to  make  circuit  modifica¬ 
tions. 

Figure  6  shows  a  constant  current  circuit  utilizing  a  high  voltage 
transistor  which  has  improved  risetime  characteristics.  The  circuit 
operates  in  basically  the  same  manner  as  the  constant  current  circuit 
in  Fig.  4.  However,  there  are  several  significant  differences.  The 
diode  probes  used  in  the  previous  circuit  were  replaced  by  Wentworth 
Laboratories,  Inc.  Model  PR-0160  probes,  which  do  not  have  coaxial  ca¬ 
ble  attachments.  In  addition,  the  HP-214A  is  grounded  in  this  circuit. 
Both  of  these  changes  resulted  in  pulse  risetime  improvements  by  de¬ 
creasing  the  stray  capacitance  of  the  circuit.  Two  circuit  improve- 
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Pig.  6.  Constant  current  circuit.  This  circuit 
used  to  obtain  faster  pulse  risetimes. 
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ments  were  suggested  by  R.  Turfler:  the  220  a  emitter  resistor  stabil¬ 
izes  collector  current,  and  the  1  Mn  resistor  establishes  a  definite 
collector  bias  voltage  (when  the  diode  is  reverse  biased  below  its  ava¬ 
lanche  breakdown  voltage)  through  the  reverse  saturation  current  of  the 
collector  base  junction. 

Both  the  current  and  voltage  waveforms  were  measured  relative  to 
the  plus  side  of  the  high  voltage  supply,  using  the  "AC  ONLY"  inputs  of 
the  dual  beam  oscilloscope.  The  voltage  across  the  10  a  current¬ 
measuring  resistor  is  small  compared  to  the  diode  voltage,  so  there  is 
no  significant  error  in  the  voltage  waveform. 

A  typical  energy  threshold  test  sequence  begins  with  a  reverse  bi¬ 
as  I-V  curve  of  the  test  diode,  using  a  Tektronix  Type  576  curve  tra¬ 
cer.  If  the  diode  has  a  normal  I-V  curve,  then  a  single  constant  cur¬ 
rent  pulse  having  an  amplitude  less  than  the  failure  threshold  is  ap¬ 
plied  to  the  reverse  biased  diode  and  the  waveforms  photographed.  The 
I-V  curve  is  checked  to  determine  if  any  change  has  occurred.  Then 
another  constant  current  pulse  at  a  slightly  higher  amplitude  is  ap¬ 
plied  to  the  diode.  In  some  cases,  photographs  of  the  diode  heating 
patterns  were  also  taken.  A  calibrated  dial  indicating  current  ampli¬ 
tude  was  attached  to  the  HP-214A  pulse  generator;  this  dial  was  an  in¬ 
valuable  aid  in  determining  the  appropriate  pre-failure  current  level. 
An  I-V  curve  was  also  made  after  the  diode  had  been  damaged.  Approxi¬ 
mately  250  diodes  were  included  in  the  energy  threshold  tests. 
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F.  Voltage  Threshold  Measurements  and  Damage  Morphology 
A  series  of  experiments  were  performed  to  determine  how  diode  ge¬ 
ometry  and  doping  level  influence  voltage  failure  thresholds,  and  the 
location  of  the  melt  filament  which  forms  during  the  second  breakdown 
transition.  A  group  of  diodes  from  each  of  the  five  nominal  doping 
levels  were  tested  with  10  ys  pulses  obtained  from  the  Velonex  Model 
380  pulse  generator.  The  diodes  were  reverse  biased  and  the  pulses 
were  applied  to  the  series  combination  of  the  diode  and  a  1  kn  resis¬ 
tor;  the  resistor  was  necessary  to  limit  damage.  Single  pulses  of  in¬ 
creasing  amplitude  were  applied  to  the  diode  until  second  breakdown  oc¬ 
curred.  The  peak  voltage  during  the  failure  pulse  and  the  endpoints  of 
the  melt  filament  were  recorded.  Approximately  1500  diodes  were  in¬ 
cluded  in  these  tests. 


G.  Waveform  Surfaces 

A  series  of  voltage  waveforms  was  obtained  from  the  same  diode  for 
a  sequence  of  constant  current  pulses  of  increasing  amplitude.  The 
current  waveforms  were  also  obtained,  but  only  the  average  value  of  the 
current  during  the  pulse  was  recorded.  The  motivation  was  to  find  any 
subtle  changes  of  waveform  that  could  be  correlated  with  filamentation 
phenomena  or  other  features  of  the  second  breakdown  process.  Since 
current  Is  constant  during  a  given  voltage  waveform,  the  data  were 
plotted  using  the  Tektronix  waveform  Instrument  as  a  three-dimensional 
current- voltage-time  surface. 
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H.  Device  Characterization 

Two  methods  were  used  to  characterize  the  diodes  in  this  study: 
measurements  of  resistivity,  and  of  reverse  bias  breakdown  voltage. 

The  doping  level  test  structure,  a  silicon  n+-n-n+  film  with  rectangu¬ 
lar  geometry,  was  used  to  calculate  resistivity  (and  to  evaluate  the 
uniformity  of  processing  over  a  wafer  surface).  The  electrical  resis¬ 
tance  of  these  structures  was  measured  on  each  of  the  dies  of  several 
wafers,  and  plots  were  made  of  resistance  versus  position  on  the  wafer 
surface.  Most  of  these  measurements  were  made  at  a  dc  bias  of  5  V;  I 

current  was  measured  with  a  Simpson  Model  260  meter.  Other  dc  and 
curve  tracer  measurements  verified  that  current  was  linearly  related  to 
voltage  in  the  range  in  which  the  measurements  were  made,  and  that  re¬ 
sistance  was  not  polarity  sensitive.  The  reverse  bias  breakdown  vol¬ 
tages  of  the  diodes  were  measured  with  a  Tektronix  Type  576  curve  tra¬ 
cer  at  a  current  of  10  uA. 


i 


IV.  DESCRIPTION  OF  SPECIMENS 
A.  Fabrication  Procedure 

The  devices  tested  in  the  present  study  were  p+-n-n+  diodes  fabri¬ 
cated  in  silicon-on-sapphire  wafers  at  the  Electronics  Research  Center 
of  Rockwell  International.  The  starting  wafers  were  obtained  from  the 
Union  Carbide  Corporation  with  an  epitaxial  silicon  layer  of  0.6  ym  and 
n-type  doping  level  of  about  10^  cm"3.  All  of  the  sapphire  wafers 
were  sliced  from  a  single  boule  and  polished  on  both  sides.  Fabrica¬ 
tion  began  with  doping  of  the  n-regions  to  the  desired  levels  by  phos¬ 
phorous  ion  implantation.  Figure  7  shows  part  of  the  processing  pro¬ 
cedure.  However,  only  steps  A-E  apply  to  the  fabrication  of  diodes. 
During  each  ion  implantation  a  1  cm2  square  of  the  starting  wafer  was 
prepared  in  addition  to  the  test  wafer.  This  square  serves  as  a  cali¬ 
bration  reference  for  the  stroboscopic  experiments.  The  wafers  were 
processed  in  two  batches,  with  five  wafers  to  a  batch.  Each  batch  was 
intended  to  contain  one  wafer  with  n-region  doping  levels  of  10^, 

1015,  10lg,  10*7,  and  5  x  lO^7  cm-3.  Actual  doping  levels  were  mea¬ 
sured  as  discussed  later. 

The  die  size  for  the  test  array  of  diodes  is  0.430  cm  by  0.521  cm. 
Each  die  contains  213  test  diodes  and  about  70  dice  are  on  each  wafer. 
The  two  batches  contain  a  total  of  about  150,000  diodes.  A  test  array 
on  each  die  is  designed  to  provide  material  parameters  for  the  devices. 
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SAPPHIRE 
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There  were  two  accidents  during  the  fabrication  procedure.  A  mask 
error  in  the  first  batch  left  the  terminals  open-circuited  in  one  type 
of  device,  the  type  intended  for  measuring  the  n-region  doping  level. 
This  error  was  corrected  in  the  second  batch.  The  second  accident  oc¬ 
curred  when  the  wafer  in  the  second  batch  of  targeted  doping  density 
1016  cm”  3  shattered  during  a  furnace  pull. 

The  layout  of  the  wafers  is  shown  in  Fig.  8a.  The  blank  rectan¬ 
gle,  called  the  "drop  out,"  is  used  to  label  the  wafer  and  to  locate  a 
particular  die.  A  portion  of  each  wafer  was  sliced  off  and  retained  by 
Rockwell  International  as  a  reference.  Figure  8b  shows  a  reflected 
light  photograph  of  a  single  die,  magnified  about  20  times.  The  var¬ 
ious  structure  types  on  the  die  are  discussed  in  Section  B. 

B.  Device  Structures 

Each  die  included  fourteen  different  structure  types.  Eleven  of 
these  were  test  arrays,  with  individual  arrays  containing  up  to  51  di¬ 
odes.  The  three  other  structure  types  consisted  of  a  processing  test 
group,  special  Rockwell  devices,  and  a  test  structure  for  measuring  the 
n-region  resistivity.  Figure  9  shows  the  die  and  individual  device  num¬ 
bering  schemes.  A  description  of  the  structure  types  is  given  below. 
Figure  10  shows  the  positions  of  the  structure  types  on  the  die. 

1.  Standard  Reference  Structure 

Figure  11  shows  the  configurations  of  the  25  diodes  of  the  "stand¬ 
ard  reference"  structure.  The  rectangular  areas  which  contain  large 
x's  represent  aluminum  contact  areas.  Diode  dimensions  included  widths 
of  30,  50,  100,  200,  and  500  ym  and  n-region  lengths  (spacings  between 
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11.  Standard  reference  structure  (after  Green 
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the  p+n  and  n+n  junctions)  of  10,  30,  100,  300,  and  500  ym.  The  widest 
diodes  are  the  same  width  as  those  previously  studied  by  Smith,  Ponti¬ 
us,  and  Budenstein.18-22  y^ggg  Were  included  to  provide  continuity  with 
previous  experiments.  The  smallest  width  was  chosen  to  be  comparable 
in  width  to  existing  IC  diodes. 

2.  Enclosed  Reference  Structure 
Figure  12  shows  the  20  diodes  of  the  "enclosed  reference"  struc¬ 
ture.  The  aluminum  contacts  and  the  p+  and  n+  regions  are  islanded  by 
the  n-region.  The  corners  of  the  islands  serve  as  concentration  cen¬ 
ters  for  the  current  and  hence  influence  the  filamentation  pattern. 

The  diode  dimensions  are  the  same  as  those  given  for  the  standard  ref¬ 
erence  structure  except  that  the  500  ym  width  is  absent. 

3.  Contact  Spike  To  p+  Region  Structure 
One  of  the  concerns  of  the  present  study  was  the  evaluation  of  ge¬ 
ometric  irregularities  at  the  metal-p+  interface.  In  the  "p+  contact 
spike"  structure,  a  triangular  spike  5  ym  long  is  positioned  on  the 
metal-p+  interface.  The  spike  is  located  about  1/4  of  the  way  from  the 
diode  edge  so  that  it  will  not  be  in  a  position  of  symmetry.  Figure 
13a  shows  the  spike  shape;  parts  b  and  c  will  be  discussed  in  connec¬ 
tion  with  multiple  spike  diodes.  The  5  ym  length  was  chosen  because  it 
was  believed  to  be  representative  of  spikes  in  "maverick"  three- 
dimensional  devices.  The  twenty  diodes  in  this  array  have  the  same  di¬ 
mensions  as  the  standard  reference  diodes  except  that  the  500  ym  width 
is  absent. 


4.  Contact  Spike  To  Region  Structure 


Concerns  and  device  geometry  are  the  same  as  in  Section  3  above, 
except  that  the  spike  is  located  on  the  metal-n+  interface. 

5.  Diffusion  Spike  On  p+n  Junction  Structure 
Concerns  and  device  geometry  are  the  same  as  in  Section  3  above, 

except  that  the  spike  is  located  on  the  p+n  junction. 

6.  Diffusion  Spike  On  n+n  Junction  Structure 
Concerns  and  device  geometry  are  the  same  as  in  Section  3  above, 

except  that  the  spike  is  located  on  the  n+n  junction. 

7.  Half-Size  Spike  Structure 

Devices  of  a  single  width,  100  ym,  and  with  n-region  spacings  of 
10,  30,  100,  300,  and  500  urn  contained  a  single  spike  2.5  pm  in  length 
located  1/4  of  the  way  from  each  diode  edge.  Spikes  are  located  in 
different  diodes  on  one  of  the  four  interfaces:  metal-p+,  metal-n+, 
p+n,  n+n.  Concerns  are  similar  to  those  described  in  Section  3  above. 
Twenty  diodes  are  in  this  array. 

8.  Four-Terminal  Structure 

Figure  14  shows  the  diodes  with  an  extra  pair  of  electrodes  on  the 
n-region.  This  four-terminal  structure  was  designed  so  that  a  poten¬ 
tial  applied  to  the  auxiliary  electrodes  could  be  used  to  cause  current 
crowding  in  a  controlled  manner.  The  diodes  have  n-region  lengths  of 
10,  30,  and  100  ym,  and  widths  of  30  and  100  ym.  Six  diodes  are  in 
this  array. 
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terminal  structure  (after  Green,  Ref.  43) 
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9.  Doping  Level  Test  Structure 


The  structure  of  Fig.  15  is  intended  for  measuring  the  sheet  re¬ 
sistance  of  the  n-material  and  thereby  to  check  the  doping  level  and 
uniformity  of  processing. 

10.  Interdigitated  Structure 

Two  structures,  shown  in  Fig.  16,  simulate  the  geometry  between 
fingers  of  a  three-dimensional  interdigitated  device.  These  can  pro¬ 
vide  perspective  on  the  pattern  of  current  filamentation  in  interdigi¬ 
tated  junction  devices. 


11.  Radius  Of  Curvature  Structure 

A  group  of  nine  diodes  was  designed  to  simulate  the  current 
patterns  in  three-dimensional  diffused  epitaxial  transistors.  The  rad¬ 
ius  of  curvature  of  the  p+  and  n+  islands,  and  spacing  between  these 
islands  were  the  parameters.  Figure  17  shows  a  diagram  of  the  "radius 
of  curvature”  diodes.  The  design  sought  to  minimize  series  resistances 
while  preserving  the  proximity  of  two  regions  of  small  radius  of  curva¬ 
ture.  Radii  of  curvature  for  the  p+  and  n+  regions  are  5,  10,  and  30 
urn,  with  both  radii  being  the  same  for  a  single  diode.  The  minimum 
separations  of  the  p+  and  n+  regions  are  10,  30,  and  100  urn. 

12.  Processing  Test  Structure 

As  mentioned  previously,  Rockwell  used  the  processing  test  struc¬ 
ture  for  electrical  characterization  of  the  wafers. 

13.  Rockwell  Devices 

The  Rockwell  devices  were  not  used  in  the  present  study. 
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Pig.  15.  Doping  level  test  structure  (after  Green, 
Ref.  43). 


Pig.  16.  Interdigitated  structure  (after  Green,  Ref.  43). 
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14.  Multiple  Spike  Structure 

Diodes  of  200  ym  width  and  with  n- region  lengths  of  10,  30,  and 
100  ym  were  fabricated  with  three  triangular  spikes  on  a  background  of 
1  ym  triangular  spikes.  Spike  lengths  for  different  diodes  are  1,  2, 

4,  and  8  um.  Figure  13b  shows  the  positions  of  the  three  spikes,  and 
Fig.  13c  shows  the  englarged  view  of  one  of  the  spikes.  Spikes  are 
located  in  different  diodes  on  one  of  the  four  interfaces:  metal -p+, 
metal -n+,  p+n,  n+n.  The  group  also  contains  reference  structures  with 
no  spikes.  Concerns  are  similar  to  those  described  in  Section  3  above. 
There  are  fifty-one  diodes  in  this  array. 

15.  Labeling  Scheme 

The  labeling  scheme  for  identifying  a  particular  diode  from  the 
test  population  of  approximately  150,000  diodes  is  given  here.  A  diode 
was  labeled  by  a  code  number  of  the  form  ABCCDDEE  where  A,  B,  CC,  DD, 
and  EE  are  respectively,  the  batch  (1-2),  wafer  (1-5),  die  (01-77), 
structure  (01-14),  and  device  (01-51)  numbers.  A  particular  wafer  will 
be  referred  to  by  its  batch  number  followed  by  a  dash  and  then  the 
wafer  number. 

Table  2  relates  wafer  number  to  targeted  doping  level.  Figure  9a 
Identifies  the  die  numbers,  while  Fig.  8b  identifies  the  different 
structure  type  numbers.  Individual  devices  are  numbered  as  in  Fig.  9b. 
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TARGETED  DOPING  LEVEL  (cm"3) 

1014 

1015 

1016 
1017 

5  x  1017 

Table  2.  Wafer  labeling  scheme, 

C.  Device  Characterization 
1.  Resistivity  Measurements 

The  doping  level  test  structure  of  Fig.  15  provides  one  vehicle 
for  estimating  the  n-region  doping  level.  The  doping  level  is  deter¬ 
mined  by  measuring  the  resistance  of  this  structure,  calculating  the 
n-region  resistivity,  and  finding  the  corresponding  impurity  concentra 
tion  from  a  graph  of  resistivity  versus  doping  level.  The  resistivity 
of  the  n-type  silicon  is  calculated  from  the  equation 


where 

p  ■  resistivity  (ohm-m) 

/ 

R  *  resistance  (ohms) 
ts-|  *  silicon  thickness  (m) 

W  *  structure  width  (m) 

L  «  structure  length  (m) 

Figure  15  shows  that  W  and  L  are  200  um  and  100  ym,  respecti vely.  The 
Initial  epitaxial  layer  thickness  was  0.6  urn  (0.55  to  0.65  urn)  but  some 


WAFER  NUMBER 
1 
2 

3 

4 

5 
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of  the  silicon  was  consumed  during  processing;  Rockwell  estimates  that 
perhaps  0.4  urn  of  silicon  remains. 

A  factor  which  could  influence  the  resistance  measurements  is  the 
presence  of  surface  charge.  Rockwell  International  has  evaluated  the 
role  of  surface  charge  as  follows. 

"An  attempt  to  reduce  the  effects  of  surface  charge  was  made  by 
performing  an  hydrofluoric  acid  etch  of  a  test  chip  from  each  dop¬ 
ing  level  to  remove  the  oxide.  The  measurements  were  repeated  im¬ 
mediately  with  no  noticeable  differences.  Thus  surface  charge  ef¬ 
fects  were  excluded  as  a  consideration  from  the  resistivity  mea¬ 
surements."  (Ref.  43) 

In  the  results  which  follow,  the  resistance  R  was  calculated  upon 
applying  5V  to  the  terminals  of  the  doping  level  test  structure  and 
measuring  the  current  with  a  Simpson  Model  260  multimeter. 

Figure  18a  shows  the  resistances  in  kilo-Ohms  of  all  the  doping 
level  test  structures  on  Wafer  2-2  (targeted  doping  level  of  10^5  cm- 
3).  The  resistances  vary  from  a  maximum  of  1.6  Mn  on  the  left  side  of 
the  wafer  to  a  minimum  of  120  kn  on  the  right  side,  more  than  a  factor 
of  ten.  Figure  18b  presents  the  information  of  Fig.  18a  in  a  three- 
dimensional  format.  The  doping  level  estimated  from  the  data  in  Fig. 

18  ranges  from  less  than  10*4  cm-3  to  about  5  x  1014  cm"3. 

Figure  19a  shows  the  resistances  of  all  the  doping  level  test 
structures  on  Wafer  2-1  (nominal  doping  density  of  1014  cm"3).  This 
wafer  did  not  receive  an  Ion  implantation.  The  asterisks  indicate  a 
portion  of  the  wafer  surface  which  is  discolored.  The  dice  in  the  dis¬ 
colored  area  appear  to  be  damaged,  and  the  doping  level  test  structures 
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Fig.  18.  Impedance  of  the  doping  level  test  structure 
versus  position  on  the  surface  of  Wafer  2-2.  (a)  Numer¬ 

ical  values  of  the  impedance,  in  units  of  kn.  (b)  Three- 
dimensional  plot  of  impedance  versus  position. 
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Fig.  19.  Impedance  measurements  on  Wafers  2-1,  1-3, 
and  2-4;  all  numbers  have  units  of  kn.  (a)  Imoedance  of 
doping  level  test  structures  on  Wafer  2-1.  (b)  Impedance 

of  forward  biased  diode  with  same  geometry  as  doping  level 
test  structure  on  Wafer  1-3.  (c)  Impedance  of  doping 

level  test  structure  on  Wafer  2-4. 
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do  not  function  normally;  some  act  as  short  circuits.  The  maximum  and 
minimum  resistances  are  3.3  Mn  and  120  kn,  respectively,  indicating  a 
doping  level  range  from  less  than  lO^  cm-3  to  about  5  x  10^  cm-3. 
Figure  19b  contains  resistances  obtained  on  diode  8  of  the  standard 
reference  structure  of  the  sequence  of  dice  shown.  The  diodes  were 
forward  biased  at  5V  on  Wafer  1-3  (targeted  doping  level  of  1016  cm-3). 
This  diode  has  the  same  n-region  geometry  as  the  doping  level  test 
structure.  One  row  and  one  column  of  dice  were  tested.  Relative  posi¬ 
tion  is  indicated  by  the  black  rectangle,  which  represents  the  drop 
out.  The  resistances  vary  from  a  maximum  of  170  kn  to  a  minimum  of 
130  kfl,  corresponding  to  a  doping  level  of  3  -  5  x  1014  cm-3. 

Figure  19c  shows  the  resistances  of  some  of  the  doping  level  test 
structures  on  Wafer  2-4  (targeted  doping  level  of  1017  cm-3).  The  re¬ 
sistances  vary  from  a  maximum  of  7.8  ka  to  a  minimum  of  6.5  ka.  This 
indicates  a  doping  level  of  1.0  -  1.4  x  1016  cm-3. 

Data  similar  to  that  shown  in  Fig  19b,  c  were  also  taken  on  Wafer 
2-5  (targeted  doping  level  of  5  x  10*7  cm-3).  The  resistances  varied 
from  a  maximum  of  1.1  ka  to  a  minimum  of  1.0  ka,  indicating  a  doping 
level  of  1.1  -1.4  x  10*7  cm-3. 

2.  Reverse  Bias  Breakdown  Voltage  Measurements 

The  reverse  bias  breakdown  voltage  provides  a  second  method  for 
estimating  the  doping  levels.  The  doping  level  is  determined  by  mea¬ 
suring  the  breakdown  voltage,  and  then  finding  the  corresponding  impur¬ 
ity  concentration  from  theoretical  calculations  of  reverse  bias  break¬ 
down  voltage  versus  Impurity  concentration.  All  of  the  breakdown  vol¬ 
tage  measurements  described  below  were  made  with  a  Tektronix  Type  576 
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curve  tracer  at  a  current  of  10  u  A.  Rockwell  International  provided 
part  of  the  data  taken  on  Wafers  2-1,  2-2,  and  1-3.  Doping  levels  de¬ 
duced  from  resistance  measurements  and  reverse  breakdown  voltage  mea¬ 
surements  are  compared  with  targeted  doping  levels  in  Table  3.  Reverse 
breakdown  measurements  will  be  discussed  further  in  the  following  para¬ 
graphs. 


WAFER 

NUMBER 

TARGETED 

Doping  Level  (cm~3) 

FROM  RESISTANCE  FROM  MEASUREMENTS  OF  REVERSE 

MEASUREMENTS  BIAS  BREAKDOWN  VOLTAGE 

2-1 

1  x  10l4 

(3  ±  2)  x  1014 

(3  ±  2)  x  1015 

2-2 

1  x  1015 

(3  ±  2)  x  10l4 

(5  ±  4)  x  1015 

1-3 

1  x  1016 

(4  ±  1)  x  10l4 

(5  ±  4)  x  1015 

2-4 

1  x  1017 

(1.2  ±  .2)  x  1016 

(4  ±  2)  x  1016 

2-5 

1  x  10l7 

(1.3  ±  .2)  x  1017 

(1.3  ±  .3)  x  10l7 

Table  3.  Estimations  of  the  n-region  doping  level.  The  first  two 
columns  show  the  wafer  number  and  the  targeted  doping  level.  The  third 


column  shows  estimations  based  on  resistance  of  the  doping  level  test 
structure  (a  forward  biased  diode  was  used  for  Wafer  1-3).  The  fourth 
column  shows  estimations  based  on  the  reverse  bias  breakdown  voltage. 

Breakdown  voltage  measurements  of  standard  reference,  enclosed 
reference,  and  radius  of  curvature  diodes  were  made  on  Wafer  2-1.  The 
n-region  length  of  all  these  diodes  was  30  urn.  The  breakdown  voltages 
ranged  from  a  maximum  of  370  V  to  a  minimum  of  170  V.  Within  this 
range,  there  was  no  correlation  between  breakdown  voltage  and  structure 
type.  Also  doping  levels  deduced  from  breakdown  voltage  and  resistance 
of  the  doping  level  test  structure  did  not  correlate.  Additional 
breakdown  voltage  measurements  were  taken  on  a  sample  of  30  standard 
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reference  diodes  with  n-region  lengths  of  100  pm  and  widths  of  500  pm. 
The  diode  widths  were  large  enough  to  insure  that  the  n-region  voltage 
drop  was  small  compared  to  the  junction  voltage  drop.  The  maximum, 
minimum,  mean,  and  standard  deviation  of  the  sample  are  290,  135,  198, 
and  40  V,  respectively.  There  was  no  definite  correlation  of  these 
breakdown  voltages  with  the  resistance  of  the  doping  level  test  struc¬ 
ture  on  the  same  die. 

The  breakdown  voltages  of  all  diodes  tested  on  Wafer  2-1  increased 
while  being  pulsed  by  the  curve  tracer;  increases  of  as  much  as  50  V 
were  observed.  In  addition,  all  of  the  breakdown  voltages  obtained  by 
Rockwell  International  for  Wafer  2-1  are  followed  by  a  symbol  which  in¬ 
dicated  that  "thermal  walkout  was  not  entirely  stable  at  the  time  the 
measurement  was  taken."  The  voltage  increases  were  permanent. 

Reverse  bias  breakdown  voltage  is  a  function  of  the  minimum  sepa¬ 
ration  between  the  p+n  and  n+n  junctions  for  the  shortest  n-region 
length  diodes  on  Wafer  2-1.  Breakdown  voltage  is  plotted  as  a  function 
of  spike  length  for  p+n  and  n+n  spike  diodes  with  an  n-region  length  of 
10  pm  in  Fig.  20.  The  spike  lengths  are  0,  1,  2,  4,  5,  and  8  pm,  and 
the  corresponding  n-region  lengths  at  the  tips  of  the  spikes  are  10,  9, 
8,  6,  5,  and  2  pm.  The  reverse  bias  breakdown  voltage  decreases  with 
increasing  spike  length  for  both  types  of  diffusion  spikes.  For  these 
diodes,  the  p+n  junction  depletion  layer  extends  all  the  way  across  the 
n-region  at  the  breakdown  voltage,  that  is,  punchthrough  occurs.  A 
similar  plot  for  diodes  with  an  n-region  length  of  30  pm  shows  no  cor¬ 
relation  between  breakdown  voltage  and  spike  length,  except  possibly 
for  a  spike  length  of  8  pm.  Similar  effects  were  also  observed  on 
Wafers  2-2  and  1-3. 
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SPIKE  LENGTH  (pm) 


Pig.  20.  Reverse  'bias  breakdown  voltage  versus 
diffusion  spike  length.  The  breakdown  voltage  was 
measured  at  approximately  10  pA  reverse  current  for 
10  pm  n-region  length  diffusion  spike  diodes  on  Wafer  2-1 


To  avoid  punchthrough  during  reverse  breakdown  voltage  measure¬ 
ments  for  determining  doping  level,  only  the  100  pm  n-region  length  di¬ 
odes  were  used  on  the  high  resistivity  wafers  (2-1,  2-2,  1-3).  The  n- 
reglon  doping  level  estimations  are  based  on  the  maximum  and  minimum 
breakdown  voltages.  The  n-region  doping  level  estimation  for  Wafer  2-1 
is  1  -  4  x  1015  cm'3.  This  does  not  overlap  with  the  resistance  esti¬ 
mations,  indicating  that  at  least  one  of  the  methods  is  in  error. 

Breakdown  voltage  measurements  similar  to  those  described  for 
Wafer  2-1  were  performed  on  Wafer  2-2.  The  maximum  breakdown  voltage  of 
30  um  n-region  length  diodes  on  Wafer  2-2  was  150  V  and  the  minimum 
voltage  was  50  V,  compared  to  370  V  and  170  V  for  Wafer  2-1.  The  100 
pm  n-region  length  standard  reference  diodes  also  had  somewhat  smaller 

breakdown  voltages  than  corresponding  diodes  on  Wafer  2-1.  The  maxi¬ 

mum,  minimum,  mean,  and  standard  deviation  are,  respectively,  263,  67, 
108,  and  32  V.  Almost  all  of  the  data  from  Rockwell  International  are 
followed  by  the  "thermal  walkout"  symbol.  The  discussion  concerning 
change  of  breakdown  voltage  during  measurement  also  applies  to  diodes 

on  Wafer  2-2.  The  n-region  doping  level  estimation  is  1  -  8  x  10^5  Cnr 
3 

• 

Breakdown  voltage  measurements  similar  to  those  described  for  Waf¬ 
er  2-1  were  performed  on  Wafer  1-3.  The  maximum  and  minimum  breakdown 
voltages  of  the  30  pm  n-region  length  diodes  were  280  V  and  150  V,  re¬ 
spectively.  However,  thermal  walkout  did  not  occur.  The  maximum,  min¬ 

imum,  mean,  and  standard  deviation  of  standard  rereference  diodes  with 
an  n-region  length  of  100  pm  are  290,  70,  212,  and  52  V,  respectively. 


Breakdown  voltages  of  these  diodes  also  Increased  during  measurement. 
The  n-reglon  doping  level  estimation  Is  1  -  8  x  10*5  cm”3. 

The  reverse  bias  breakdown  voltages  of  nearly  all  diodes  on  Wafers 
2-4  and  2-5  fell  into  relatively  narrow  ranges  and  there  was  no  corre¬ 
lation  with  structure  type  or  n-reglon  length  (breakdown  voltages  were 
measured  for  standard  reference  and  diffusion  spike  diodes  with  varying 
n-region  lengths  and  widths).  The  sample  size  was  60  diodes  on  Wafer 
2-4  and  100  diodes  on  Wafer  2-5.  The  maximum,  minimum,  mean,  and 
standard  deviation  of  the  sample  on  Wafer  2-4  are  31.5,  24.0,  28.0,  and 

I. 4  V,  respectively.  The  corresponding  values  on  Wafer  2-5  are  13.1, 

II. 7,  12.39,  and  0.24  V.  Doping  level  estimations  are  based  on  the 
maximum  and  minimum  values.  The  n-reglon  doping  level  estimations  for 
Wafers  2-4  and  2-5  are  2  -  5  x  10*6  cm-3  and  1.0  -  1,5  x  1017  cm-3,  re¬ 
spectively. 


3.  Summary  and  Discussion 

Table  3  summarizes  the  doping  level  estimations  based  on  the  re¬ 
sistivity  and  reverse  bias  breakdown  voltage  methods.  The  first  column 
shows  the  wafer  code  number  and  the  second  column  shows  the  targeted 
doping  level.  The  third  and  fourth  columns  show  the  n-region  doping 
level  estimations.  The  two  methods  agree  only  for  Wafer  2-5.  The  data 
In  Table  3  Indicate  a  wide  variation  in  the  n-region  doping  level  for 
several  wafers.  The  doping  level  estimations  vary  by  a  factor  of  five 
for  Wafer  2-4,  and  by  a  factor  of  eighty  for  Wafers  2-2  and  1-3.  In 
addition,  the  distributions  for  Wafers  2-1,  2-2,  1-3,  and  2-4  do  not 
overlap.  Indicating  that  at  least  one  of  the  estimations  is  inaccurate. 


Thus,  it  is  not  clear  how  much  of  the  variation  in  Table  3  is 
actually  caused  by  changes  in  the  n-region  doping  level.  Deducing  dop¬ 
ing  level  from  resistance  measurements  involves  assumptions  on  film 
thickness,  and  specimen  homogeneity.  Available  data  relating  resistiv¬ 
ity  and  doping  level  pertain  to  bulk  specimens,  not  thin  films.  Simi¬ 
larly.  junction  breakdown  characteristics  depend  on  such  quantities  as 
the  avalanche  coefficients,  lifetimes,  and  mobilities,  as  well  as  dop¬ 
ing  levels.  In  addition,  s 1 1  icon-island  edges  may  affect  electrical 
measurements  in  sil Icon-on-sapphire  devices.  According  to  Pancholy  and 
Oki :44 

"Under  bias- temperature  stress  or  Ionizing  irradiation,  oxides 
over  Island  edges  may  trap  charges  or  indicate  mobile  ion- Induced 
Instability.  In  some  cases  the  charges  result  in  formation  of  a 
conductive  path  along  Island  edges  which  may  lower  the  junction 
breakdown  voltage  and  Increase  the  reverse  junction  leakage  cur¬ 
rent." 

The  lack  of  a  strong  correlation  between  resistance  of  the  doping  level 
test  structure  and  reverse  bias  breakdown  voltage  indicates  that  param¬ 
eters  In  addition  to  doping  level  are  Involved. 

To  illustrate  the  variation  among  individual  devices,  the  forward 
bias  impedances  of  standard  reference  diodes  from  a  single  die  on  Wafer 
2-1  are  plotted  versus  the  n-reglon  length-to-wldth  ratio  In  Fig.  21. 
The  forward  bias  impedances  (measured  at  10  V  and  20  V  on  a  curve  tra¬ 
cer)  should  be  proportional  to  the  n-reglon  resistance.  The  n-region 
resistance,  In  turn,  should  be  proportional  to  the  length-to-width 
ratio.  Thus,  the  plot  should  be  a  straight  line  whose  slope  gives  the 


IMPEDANCE  (kft) 


Fig.  21.  Impedance  versus  length-to-width  ratio  for 
forward  biased  standard  reference  diodes  from  a  single  die 
on  Wafer  2-1.  The  impedances  were  measured  at  10  or  20  V. 


sheet  resistance,  or  the  "ohms  per  square,"  of  the  n-reglon.  However, 
there  Is  considerable  scatter  in  the  plot. 

Another  quantity  which  should  be  related  to  the  n-region  doping 
level  Is  the  voltage  threshold  for  destructive  second  breakdown  under 
dc  reverse  bias,  that  is,  the  dc  reverse  bias  voltage  at  which  the  di¬ 
ode  burns  out.  Figure  22  shows  the  distribution  of  dc  reverse  bias 
burnout  voltages  for  diode  type  14-03  (10  ym  n-region  length,  200  urn 
width,  straight  junctions)  on  Wafer  2-2.  The  upper  part  of  the  figure 
shows  the  statistical  distribution  of  the  burnout  voltages  while  the 
lower  part  of  the  figure  shows  a  three-dimensional  plot  of  burnout  vol 
tage  versus  position  on  the  wafer  surface.  Wafer  2-2  was  chosen  for 
this  test  because  it  had  the  most  systematic  variation  of  doping  level 
test  structure  resistance  across  the  wafer  surface.  Figure  22  should 
be  compared  with  Fig.  18.  There  is  apparently  no  correlation  between 
the  shapes  of  the  two  surfaces. 

Thus,  It  seems  that  part  of  the  variation  in  diode  electrical  pro 
pertles  Is  attributable  to  factors  other  than  n-region  doping  level. 
Therefore,  the  n-region  doping  level  estimations  must  be  Interpreted 
with  caution. 


Pig.  22.  Breakdown  voltages  of  a  particular  type  of 
diode  on  Wafer  2-2.  The  n-region  length  of  the  diode  is 
10  pm.  Top:  Histogram  showing  the  frequency  distribution 
of  the  breakdown  voltages.  Bottom:  Three  dimensional 
plot  showing  breakdown  voltage  versus  position  on  the 
wafer.  The  diodes  were  destroyed  by  do  reverse  bias. 


V.  RESULTS 


This  chapter  presents  experimental  results  which  relate  second 
breakdown  susceptibility  to  diode  geometry  and  doping  level.  Sections 
A  through  E  discuss  the  heating  patterns  observed  in  standard  refe¬ 
rence,  diffusion  spike,  contact  spike,  and  enclosed  reference  diodes. 
Section  F  compares  properties  of  standard  reference,  diffusion  spike, 
and  enclosed  reference  diodes  (energy  thresholds,  voltage  thresholds, 
and  damage  morphology).  Sections  G  and  H  discuss  radius  of  curvature 
and  interdigitated  devices,  respectively.  Finally,  Section  I  discusses 
several  special  tests,  including  a  correlation  of  heating  patterns  with 
three-dimensional  current- voltage-time  waveform  surfaces. 

It  was  discovered  early  In  the  study  that  the  experimental  results 
were  affected  by  factors  other  than  diode  geometry  and  doping  level. 
There  are  often  substantial  differences  among  apparently  identical  de¬ 
vices,  possibly  resulting  from  slight  process  variations  introduced 
during  the  fabrication  procedure.  In  some  cases,  these  variations  are 
large  enough  to  obscure  the  effects  of  deliberately  Introduced  parame¬ 
ters.  Therefore,  in  the  results  which  follow,  some  of  the  experimental 
data  are  presented  and  discussed  In  a  statistical  manner. 

Unless  otherwise  specified,  the  tests  were  performed  with  pulses 
10  ys  In  length,  and  the  heating  pattern  photographs  were  taken  at  the 
end  of  the  pulse. 
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A.  Standard  Reference  Diodes 

Before  going  into  the  details  on  geometric  and  doping  effects,  the 
overall  phenomena  will  be  described.  Emphasis  will  be  on  the  reverse 
bias  condition,  since  devices  are  somewhat  more  sensitive  to  second 
breakdown  under  reverse  bias.  Figure  23  shows  a  test  of  a  standard 
reference  diode  on  Wafer  2-5.  This  diode  has  an  n-region  length  of  100 
urn  and  width  of  200  pm.  The  current  and  voltage  waveforms  are  shown  in 
the  upper  left  portion  of  the  figure.  The  upper  trace  is  the  voltage 
waveform,  and  the  lower  trace  is  the  currenent  waveform.  Current  and 
voltage  scales  are  shown  to  the  left  of  the  waveforms.  Note  that  time 
increases  to  the  right  and  both  current  and  voltage  increase  downward. 

A  zero  bias  photograph  is  shown  in  Fig.  23a,  and  the  heating  patterns 
at  2,  4,  6,  8,  9,  and  10  ps  after  the  leading  edge  of  the  waveforms  are 
shown  in  Fig.  23b-g,  respectively.  Two  pre-test  I-V  characteristics, 
using  different  current  scales,  are  shown  on  the  left  side  of  the  dia¬ 
gram.  Current  under  forward  bias,  determined  primarily  by  the  resis¬ 
tance  of  the  n-region,  is  approximately  1.3  kn.  The  lower  I-V  charac¬ 
teristic,  using  the  more  sensitive  current  scale,  shows  that  the  re¬ 
verse  bias  current  Is  very  small  prior  to  avalanche  breakdown  at  ap¬ 
proximately  12  V.  Such  low  reverse  saturation  current  is  typical  of  an 
undamaged  diode. 

The  current  level  corresponding  to  the  heating  patterns  in  Fig. 
23b-g  is  about  67  mA  (average  current  density,  8.4  x  10®  A/m^),  while 


the  voltage  Increases  from  approximately  100  V  at  the  beginning  of  the 
pulse  to  about  240  V  at  the  end.  Frr  low  current  levels,  where  little 
temperature  rise  occurs  during  a  pulse,  the  voltage  waveform  parallels 
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the  current  waveform.  However,  in  Fig.  23,  both  the  voltage  waveform 
and  the  heating  patterns  indicate  a  temperature  increase  during  the 
pulse.  The  most  intense  heating  occurs  at  the  p+n  junction,  and  the 
n-region  is  heated  uniformly.  The  degree  of  p+n  and  n-region  darkening 
increases  continuously  throughout  the  pulse. 

A  second  test  on  the  diode  of  Fig  23  is  described  in  Fig.  24.  The 
current  and  voltage  waveforms  are  shown  in  the  lower  part  of  the  fig¬ 
ure,  and  the  heating  patterns  at  2,  4,  6,  8,  9,  and  10  us  after  the 
leading  edge  of  the  waveforms  are  given  in  Figs.  24a-f,  respectively. 
This  test  was  performed  by  increasing  the  current  approximately  3  mA 
over  the  level  in  Fig.  23,  to  about  70  mA  (8.7  x  10^  A/m^).  The  heat¬ 
ing  pattern  in  Fig.  24f  shows  that  a  hot  spot  has  formed  along  the  p+n 
junction  at  the  end  of  the  pulse.  The  temperature  becomes  non-uniform 
because  of  changes  in  medium  properties  with  temperature  and  the  geome¬ 
tric  dependence  of  the  heat  transfer  from  various  portions  of  the  di¬ 
ode. 

Two  portions  of  the  diode  determine  the  current  distribution,  the 
junction  region  and  the  high  resistivity  n-region.  The  resistivity- 
temperature  dependence  of  the  n-region  for  different  doping  densities 
is  shown  in  Fig.  25.  Junction  voltage  depends  on  doping  density  of  the 
n-region,  temperature,  and  current  density.  Figure  26  shows  the 
voltage-temperature  curves  for  different  current  densities  calculated 
for  the  doping  density  of  lO1^  cm"-*.  Both  Fig.  25  and  Fig.  26  contain 
a  rising  portion  and  a  turnover.  The  rising  portions  imply  stability 
toward  small  Increases  in  temperature,  while  the  falling  portions  lead 
toward  instability.  A  steady  state  can  exist  during  the  falling  por- 
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(a)  2  ps  (b)  4  ps  (c)  6  ps 


8  ps 


(f)  10  ps 


2  ps/DIV 


5  V  PER  HORIZ  DIV 


Pig.  24.  Reverse  bias  test  of  a  standard  reference 
diode  on  Wafer  2-5.  This  is  the  same  diode  as  in  Pig.  23, 
at  a  slightly  higher  current  amplitude,  (a)-(f)  Heating 
patterns  at  2,  4,  6,  8,  9,  and  10  ps  after  the  leading 
edge  of  the  waveforms.  A  post-test  I-V  characteristic  is 
also  shown. 
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Fig.  26.  Voltage-temperature  curves  for  different 
current  densities  calculated  for  the  doping  density  of  10lb  cm 
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tions  if  the  heat  sinking  balances  the  Joule  heating.  However  thermal 
runaway  is  virtually  inevitable  in  a  current  tube  having  both  junction 
and  n-region  beyond  their  turnover  points.  If  only  one  is  beyond  turn¬ 
over,  the  other  can  exert  a  stabilizing  control. 

Comparison  of  Fig.  23  and  Fig.  24  shows  that  increased  current  am¬ 
plitude  is  accompanied  by  more  intense  heating  of  the  junction  and  n- 
region.  Both  of  these  require  Increased  voltage  to  maintain  the  same 
current  density,  thus  producing  the  observed  rise  in  voltage  during 
each  current  pulse.  This  behavior  continues  until  some  portion  of  the 
diode  passes  beyond  the  turnover  point  in  either  the  junction  region  or 
the  n-reglon.  This  may  occur  first  in  either  region,  depending  upon 
the  doping  level,  conditions  of  excitation,  and  geometry.  In  diodes 
with  a  highly  doped  n-region  (as  in  Wafers  1-5  and  2-5)  and  at  the  high 
current  densities  of  the  present  experiments,  the  turnover  of  the  junc¬ 
tion  voltage  occurs  first.  However,  In  lightly  doped  diodes,  the  n- 
reglon  turnover  occurs  first. 

In  Wafer  2-5,  the  junction  turnover  precedes  the  n-region  turnover 
and  filamentation  starts  at  the  junction  site  where  turnover  occurs. 

As  the  junction  voltage  drops  at  this  site,  local  current  Increases. 
Current  lines  converge  on  the  low  Impedance  junction  path  until  limited 
by  the  spreading  resistance  associated  with  their  convergence.  The  n- 
reglon  In  series  with  the  junction  hot  spot  receives  a  higher  current 
and  its  temperature  rises,  with  the  filament  growing  across  the  n- 
reglon  as  the  converging  current  lines  cause  the  temperature  of  the 
propagating  filament  to  pass  through  its  turnover  point.  When  the  n- 
region  is  bridged,  the  filament  is  no  longer  ballasted  by  a  high  resis- 
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tance  and  the  temperature  rises  rapidly  to  the  melting  point.  The  melt 
transition  is  accompanied  by  a  further  drop  in  resistance,  and  is  the 
damage  mode  of  second  breakdown. 

Only  a  single  hot  spot  formed  in  Fig.  24f.  However,  multiple  hot 
spots  can  form  since  part  of  the  current  passing  through  a  junction  hot 
spot  Is  collected  from  the  surrounding  region.  Such  current  lines  are 
elongated  and  accompanied  by  a  series  spreading  resistance.  When  the 
voltage  associated  with  this  spreading  resistance  exceeds  the  junction 
voltage  away  from  the  hot  spot,  the  current  lines  will  no  longer  bend 
toward  the  hot  spot.  If  another  junction  site  reaches  its  turnover 
temperature,  then  another  filament  will  be  initiated.  The  number  of 
filaments  Is  found  to  depend  on  diode  geometry  and  conditions  of  exci¬ 
tation.  However,  for  a  particular  device  and  a  particular  excitation 
level,  the  fllamentatlon  pattern  Is  highly  reproducible. 

Device  voltage  drops  as  the  filaments  grow  across  the  n- region, 
with  a  further  abrupt  drop  upon  formation  of  the  melt  filament.  If  the 
amplitude  of  the  exciting  pulse  (assuming  constant  pulse  length)  is  in¬ 
creased  slowly  up  to  the  melt  transition,  then  only  one  melt  filament 
will  form.  If  an  appreciable  overstress  is  applied,  then  multiple  fil¬ 
aments  can  form. 

With  thin  film  diodes,  the  mass  of  material  involved  is  so  small 
that  the  events  between  filament  initiation  and  melt  formation  occur 
very  rapidly.  Thus,  In  high  resistivity  diodes,  the  transition  to  fil¬ 
aments  from  nearly  uniform  conduction  occurs  during  a  few  nanoseconds, 
too  rapidly  to  be  experimentally  resolved.  In  high  resistivity  diodes, 
the  n-region  reaches  the  turnover  point  before  the  junction.  Thus  the 


junction  ballasts  the  n-region.  Current  filamentation  can  occur  before 
the  junction  region  turnover  is  reached  since  the  hotter  portions  of 
the  n-region  will  reach  their  turnover  first  and  then  carry  a  larger 
portion  of  the  current  as  their  resistance  decreases.  This  in  turn 
will  bring  additional  current  through  the  local  junction  region  and 
cause  this  region  to  rapidly  reach  turnover.  Ultimate  failure  is  still 
by  formation  of  a  melt  filament. 

Returning  to  the  waveforms  of  Fig.  24,  a  slight  voltage  drop  near 
the  end  of  the  voltage  waveform  is  observed.  This  voltage  drop  is  a 
good  Indication  that  the  diode  is  on  the  verge  of  destructive  second 
breakdown.  Near  the  second  breakdown  threshold,  the  n-region  current 
distribution  Is  critically  dependent  on  the  pulse  amplitude,  and  it  is 
often  difficult  to  observe  hot  spots  before  the  melt  filaments  of  de¬ 
structive  second  breakdown  occur.  The  post-test  I-V  characteristic  in 
Fig.  24  Indicates  that  no  damage  occurred  as  a  result  of  the  high  am¬ 
plitude  current  pulses. 

The  type  of  damage  produced  by  the  second  breakdown  transition  is 
shown  in  Fig.  27.  A  series  of  current  pulses  of  Increasing  amplitude 
were  applied  to  the  diode  in  Fig.  23  and  Fig.  24.  The  corresponding 
voltage  waveforms  are  shown  in  Fig.  27a.  Destructive  second  breakdown 
occurs  near  the  end  of  the  highest  amplitude  voltage  waveform.  A  zero 
bias  photograph  taken  after  the  highest  amplitude  waveform  in  Fig.  27a 
is  shown  In  Fig.  27d,  revealing  a  melt  filament  slightly  to  the  right 
of  the  center  of  the  n-region.  An  I-V  characteristic  corresponding  to 
Fig.  27d  is  shown  In  the  lower  left  portion  of  the  figure.  The  reverse 
bias  breakdown  voltage  has  been  reduced  to  about  10  V,  instead  of  12  V. 
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Pig.  27.  Second  breakdown  in  the  diode  in  Pigs.  23 
and  24.  (a)  Voltage  waveforms— second  breakdown  occurs 

near  the  end  of  the  highest  amplitude  waveform,  (b)  Repeat 
of  the  highest  amplitude  waveform  in  part  (a),  (c)  Voltage 

and  current  waveforms  after  second  breakdown,  (d)  Zero 
bias,  after  part  (a),  (e)  Heating  pattern  at  the  end  of 

the  waveforms  in  part  (c).  (f)  Zero  bias,  showing  damage 

produced  by  several  hundred  high  amplitude  pulses.  I-V 
characteristics  after  part  (a)  and  part  (b)  are  also  shown. 
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A  second  current  pulse,  at  exactly  the  same  amplitude  that  caused  the 
melt  filament  in  Fig.  27d  was  then  applied  to  the  diode.  The  corre¬ 
sponding  voltage  waveform  is  shown  in  Fig.  27b,  and  an  I-V  characteris¬ 
tic  taken  after  Fig.  27b  is  shown  in  the  lower  portion  of  the  figure. 
This  I-V  characteristic  indicates  that  the  diode  behaves  approximately 
as  an  8  kn  resistor  under  reverse  bias  from  0  to  about  10  V. 

Subsequent  to  Fig.  27b,  the  diode  was  again  observed  under  elec¬ 
trical  stress.  The  current  and  voltage  waveforms  are  shown  in  Fig. 

27c,  and  the  heating  pattern  at  the  end  of  the  pulse  is  shown  in  Fig. 
27e.  There  is  a  filament  which  extends  completely  across  the  n-region, 
at  the  same  location  as  the  melt  filament  in  Fig.  27d,  indicating  that 
this  filament  behaves  as  a  resistive  shunt  across  the  n-region.  The 
current  level  is  only  slightly  less  than  that  in  Fig.  24,  but  the  peak 
of  the  voltage  waveform  is  over  100  V  less  than  the  peak  in  Fig.  24. 
When  the  current  was  increased  slightly  above  the  level  in  Fig.  27c, 
the  diode  again  went  into  second  breakdown,  but  the  waveform  shape 
changed  from  pulse  to  pulse  and  there  was  additional  damage  to  the  n- 
region.  The  damage  produced  by  several  hundred  pulses  at  an  amplitude 
slightly  higher  than  those  In  Fig.  27c  is  shown  in  Fig.  27f. 

The  properties  of  standard  reference  diodes  will  now  be  discussed 
in  more  general  terms.  Figure  28  shows  results  of  reverse  bias  tests 
on  five  different  standard  reference  diodes.  All  five  are  from  Wafer 
2-5,  with  n-region  lengths  of  30  urn  and  n-region  widths  of  200  urn. 

Each  diode  was  electrically  stressed  to  the  threshold  of  second  break¬ 
down  using  constant  current  pulses.  Current  and  voltage  waveforms  of 
two  of  the  diodes  are  shown  in  the  figure,  labeled  as  "Test  #1"  and 


Pig.  28.  Reverse  bias  tests  of  five  different 
standard  reference  diodes  on  Wafer  2-5.  (a)  Zero  bias 

photograph  of  the  diode  in  Test  #1.  (b)  Heating  pattern 
at  the  end  of  Test  #1.  (c)-(d)  Zero  bias  and  heating 
pattern  photographs  of  the  diode  in  Test  #2.  (e)-(g) 

Diodes  with  four,  five,  and  six  hot  spots  along  the 
junction,  respectively. 


"Test  #2".  The  zero  bias  and  heating  pattern  photographs  of  the  diode 
in  Test  #1  are  shown  in  Figs.  28a  and  28b,  respectively.  Figures  28c 
and  28d  show  the  corresponding  photographs  for  Test  #2.  There  are 
four  hot  spots  along  the  p+n  junction  in  Fig.  28b.  These  are  of  dif¬ 
ferent  sizes  and  are  nonuni formiy  spaced.  There  are  also  four  nonuni - 
formly  spaced  hot  spots  in  Fig.  28d.  Tests  on  other  similar  diodes 
show  that  the  number  of  hot  spots  may  vary  from  one  to,  say,  eight. 
Diodes  with  four,  five,  and  six  nonuniformly  spaced  hot  spots  are  shown 
in  Figs.  28e-g,  respectively. 

One  of  the  concerns  of  this  study  was  to  determine  whether  current 
and  voltage  waveforms  could  be  used  to  anticipate  the  onset  of  current 
filamentation  and  destructive  second  breakdown.  In  a  representative 
test  sequence,  such  as  that  of  Fig.  28,  different  numbers  of  hot  spots 
form  and  the  waveforms  are  very  similar,  giving  no  indication  of  the 
differences  in  n-region  current  distributions.  In  other  tests,  there 
are  some  differences  in  the  amplitude  of  the  current  and  voltage  wave¬ 
forms,  but  these  variations  have  no  apparent  correlation  with  the  num¬ 
ber  or  location  of  hot  spots  on  the  p+n  junction.  Thus,  the  n-region 
current  distribution  in  standard  reference  diodes  cannot  be  inferred 
from  voltage  and  current  waveforms. 

For  the  diodes  on  Wafers  1-5,  2-5,  1-4,  and  2-4  waveforms  may 
sometimes  be  used  to  predict  the  onset  of  second  breakdown.  During  the 
greater  portion  of  the  voltage  waveforms  shown  in  Test  #1  and  Test  # 2 
of  Fig.  28,  the  voltage  increases  linearly.  This  corresponds  to  an  in¬ 
crease  In  resistivity  of  the  n-region  due  to  heating  and  an  increase  in 
the  junction  voltage  with  increasing  temperature.  Near  the  end  of  the 
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voltage  waveforms  there  is  a  decrease  in  slope  and  a  slight  voltage 
drop,  similar  to  that  of  Fig.  24f.  As  mentioned  previously,  this  vol¬ 
tage  drop  is  a  good  indication  that  the  diode  is  close  to  the  second 
breakdown  threshold,  because  it  always  appears  at  a  current  level  only 
slightly  below  that  at  which  hot  spots  are  first  visible.  However,  the 
voltage  drop  is  often  difficult  to  observe  because  it  occurs  so  close 
to  the  second  breakdown  threshold. 

It  is  worthwhile  at  this  point  to  mention  one  of  the  results  of  a 
previous  study  conducted  by  Budenstein,  Pontius,  and  Smith. A  group 
of  diodes  in  that  study  were  geometrically  similar  to  the  standard  ref¬ 
erence  diodes  of  the  present  study,  except  for  thickness.  The  present 
diodes  were  0.4  pm  thick  while  the  earlier  ones  were  0.9  pm  thick.  It 
was  thought  that  the  two  groups  of  diodes  would  behave  in  a  similar 
manner.  However,  in  that  study,  the  hot  spots  were  much  more  uniformly 
spaced  along  the  p+n  junction.  In  addition,  the  number  of  hot  spots 
could  be  systematically  varied  by  changing  the  current  level  and  pulse 
length.  For  a  short  pulse  length  (5  ps)  and  a  high  current  level, 
thirty  uniformly  spaced  hot  spots  were  observed  along  the  junction  of  a 
diode  500  urn  wide,  75  pm  In  n-region  length,  and  with  a  doping  level  of 
about  5  x  1017  cm"3.  By  Increasing  the  pulse  length  and  decreasing  the 
current  level,  the  number  of  hot  spots  could  be  continuously  changed 
from  thirty  to  one.  The  pulse  length  for  one  hot  spot  was  10  msec.  In 
the  present  study,  however,  neither  the  number  nor  the  location  of  the 
hot  spots  could  be  varied  by  adjusting  the  current  level  and  pulse 
length.  In  the  thinner  devices,  microscopic  Inhomogeneities  may  deter¬ 
mine  the  filament  configuration,  while  in  thicker  devices  such  inhomo- 
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geneities  are  relatively  unimportant  and  overall  diode  geometry  at  each 
excitation  level  may  determine  the  filament  configuration.  The  thinner 
devices  would  also  be  more  effectively  heat-sinked  to  their  sapphire 
substrates. 

Figure  29  shows  reverse  bias  tests  of  three  standard  reference  di¬ 
odes  on  Wafer  2-5.  The  n-region  lengths  are,  from  top  to  bottom,  10, 
30,  and  100  ym,  and  the  common  diode  width  is  200  ym.  Current  and  vol¬ 
tage  waveforms  are  shown  to  the  right  of  each  heating  pattern.  The 
upper  trace  of  each  waveform  pair  is  the  voltage  waveform,  and  the 
lower  trace  is  the  current  waveform,  as  in  Figs.  23,  24,  and  27.  Each 
of  the  three  diodes  is  close  to  its  second  breakdown  threshold. 

The  amplitude  of  the  current  waveform  is  similar  for  the  three  n- 
region  lengths,  between  70  and  80  mA.  Thus,  current  densities  are 
equivalent,  ranging  from  8.7  x  108  to  1.0  x  109  A/m2.  However,  the 
amplitude  of  the  voltage  waveform  Increases  considerably  as  the  n- 
region  length  increases.  This  means  that  both  the  voltage  and  energy 
failure  thresholds  increase  as  n-region  length  increases.  Failure 
thresholds  will  be  discussed  quantitatively  in  Section  F. 

One  hot  spot  was  observed  on  the  p+n  junctions  in  the  diodes  with 
30  and  100  ym  n-region  lengths,  while  no  hot  spot  (uniform  heating)  was 
observed  In  the  n-region  of  the  diode  with  the  10  ym  n-region  length. 
Hot  spot  formation  in  standard  reference  diodes  with  n-region  lengths 
of  10  ym  Is  very  difficult  to  observe  because  the  current  interval  be¬ 
tween  hot  spot  formation  and  second  breakdown  is  so  narrow  that  the  di¬ 
ode  cannot  be  maintained  within  that  interval  long  enough  to  complete  a 
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Fig.  29.  Reverse  bias  tests  of  three  standard 
reference  diodes  on  Wafer  2-5.  The  n-region  lengths  are, 
from  top  to  bottom,  10,  30,  and  100  pm.  Voltage  (upper 
trace)  and  current  (lower  trace)  waveforms  are  shown  for 
each  case. 
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Before  proceeding,  several  general  comments  should  be  made  con¬ 
cerning  forward  bias  heating  patterns,  and  the  role  of  n-region  doping 
level . 

The  heating  of  the  n-region  tends  to  be  generally  uniform  under 
forward  bias.  However,  if  the  current  level  is  sufficiently  close  to 
the  second  breakdown  threshold,  then  single  or  multiple  filaments  may 
form.  These  filaments  extend  most  of  the  way  across  the  n-region,  and 
are  usually  rather  broad  compared  to  the  reverse  bias  hot  spots.  For¬ 
ward  bias  characteristics  will  be  described  in  more  detail  during  the 
special  test  discussion  in  Section  J. 

The  heating  pattern  photographs  in  Figs.  23,  24,  27,  28,  and  29 
were  obtained  from  diodes  on  Wafer  2-5.  Heating  pattern  photographs  of 
diodes  on  Wafer  2-4  show  much  less  darkening  at  the  second  breakdown 
threshold,  both  of  the  p+n  junction  and  the  n-region.  This  occurs  be¬ 
cause  silicon  reaches  the  peak  of  its  resisti vity-temperature  curve  at 
lower  temperatures  as  the  doping  density  decreases.  In  addition,  the 
current  interval  between  hot  spot  formation  and  second  breakdown  is 
narrower,  making  it  more  difficult  to  photograph  the  hot  spots.  The 
narrower  current  interval  results  from  a  stronger  dependence  of  resis¬ 
tivity  on  temperature  at  lower  doping  densities;  a  small  increase  in 
temperature  at  the  peak  of  the  resistivity-temperature  curve  produces  a 
large  decrease  in  resistivity.  If  the  nominal  n-region  doping  level  is 
less  than  lO*7  cm'3,  then  the  darkening  of  the  p+n  junction  and  the  n- 
region  at  the  second  breakdown  threshold  is  very  faint.  The  current 
interval  between  hot  spot  formation  and  second  breakdown  is  so  narrow 


102 


that  no  hot  spots  have  been  observed.  However,  the  failure  mode,  as 
indicated  by  the  damage  morphology,  is  by  formation  of  a  melt  filament. 

8.  Diffusion  Spike  Diodes  (p+n  Junction) 

This  section  describes  the  heating  patterns  of  diodes  having  a 
single  spike  of  2.5  or  5  ym  length  located  on  the  p+n  junction.  The 
heating  patterns  near  the  second  breakdown  threshold  of  three  p+n  spike 
diodes  on  Wafer  2-5  are  shown  in  Fig.  30.  The  n-region  lengths  of 
these  diodes  are  10,  30,  and  100  ym,  from  top  to  bottom.  Current  and 
voltage  waveforms  are  shown  to  the  right  of  the  heating  pattern  photo¬ 
graphs. 

The  spike,  which  is  5  ym  in  length,  is  located  on  the  right  side 
of  the  10  and  100  ym  n-region  length  diodes,  and  on  the  left  side  of 
the  30  ym  n-region  length  diode.  There  is  a  single  hot  spot  which 
forms  at  the  tip  of  the  spike  for  all  three  n-region  lengths.  Observa¬ 
tions  of  other  diodes  with  a  single  p^n  spike  show  that  a  hot  spot  al¬ 
ways  forms  at  the  tip  of  the  spike  and  that  there  are  never  multiple 
hot  spots.  The  same  observations  also  apply  to  diodes  with  a  2.5  ym 
spike.  Thus,  the  spike  is  very  effective  in  localizing  the  position  at 
which  a  hot  spot  forms  and  in  limiting  the  number  of  hot  spots  to  one. 

The  length  of  the  hot  spots  in  Fig.  30  tends  to  increase  as  the  n- 
region  length  increases.  Although  somewhat  longer  hot  spots  than  the 
ones  shown  here  can  be  observed,  the  probability  of  destroying  the  di¬ 
ode  during  the  test  is  increased.  Hot  spots  extending  more  than  3/4  of 
the  way  across  the  n-region  have  been  observed  prior  to  destructive 
second  breakdown. 


103 


2  us/ > IV 


Pig.  30.  Reverse  bias  tests  of  three  p+n  spike  diodes 
on  Wafer  2-5.  The  n-region  lengths  are,  from  top  to  bottom, 
10,  30,  and  100  pm.  Voltage  (upper  trace)  and  current 
(lower  trace)  waveforms  are  shown  for  each  case. 
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Comments  concerning  the  amplitude  of  the  current  and  voltage  wave¬ 
forms  are  similar  to  those  made  in  connection  with  the  standard  refer¬ 
ence  diodes  shown  in  Fig.  29.  Hot  spots  also  form  at  the  tip  of  the 
p+n  diffusion  spike  in  diodes  on  Wafer  2-4.  However,  for  lower  doping 
densities  the  effect  of  the  spike  on  the  n-region  current  distribution 
was  not  determined  because  the  darkening  at  the  second  breakdown 
threshold  is  so  faint.  However,  the  damage  filament  occurred  at  the 
spike  location. 


C.  Diffusion  Spike  Diodes  (n+n  Junction) 

This  section  describes  the  heating  patterns  of  diodes  having  a 
single  spike  on  the  n+n  junction,  with  a  length  of  either  2.5  or  5  urn. 
The  heating  patterns  near  the  second  breakdown  threshold  of  three  n+n 
spike  diodes  on  Wafer  2-5  are  shown  in  Fig.  31.  The  n-region  lengths, 
widths,  and  doping  levels  are  the  same  as  for  the  diodes  in  Fig.  29  and 
Fig.  30.  Current  and  voltage  waveforms  are  shown  to  the  right  of  the 
heating  pattern  photographs. 

The  spikes,  for  the  diodes  of  Fig.  31,  are  5  ym  in  length,  are  lo¬ 
cated  on  the  right  side  of  the  10  and  100  urn  n-region  length  diodes, 
and  on  the  left  side  of  the  30  um  n-region  length  diode.  The  heating 
of  the  p+n  junction  and  the  n-region  appears  fairly  uniform  for  all 
three  n-region  lengths.  A  spot  of  surface  debris  on  the  left  side  of 
the  100  urn  n-region  length  diode  should  not  be  confused  with  a  hot 
spot.  Observations  of  other  diodes  with  a  single  n+n  spike  show  that 
the  heating  of  the  p+n  junction  and  the  n-region  is  always  very  uniform 
until  the  diode  is  quite  close  to  the  second  breakdown  threshold.  The 
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Fig.  31.  Reverse  "bias  tests  of  three  n+n  spike  diodes 
on  Wafer  2-5#  The  n-region  lengths  are#  from  top  to  bottom# 
10#  30,  and  100  pm.  Voltage  (upper  trace)  and  current 
(lower  trace)  waveforms  are  shown  for  each  case. 


current  interval  between  hot  spot  formation  and  second  breakdown  is 
much  narrower  for  diodes  with  an  n+n  spike  than  for  diodes  with  a  p+n 
spike.  If  the  current  is  Increased  sufficiently,  then  a  single  hot 
spot  forms  on  the  p+n  junction  at  a  point  which  is  usually  opposite,  or 
nearly  opposite,  the  n+n  spike.  Multiple  hot  spots  have  not  been  ob¬ 
served  in  diodes  with  a  single  n+n  spike.  Similar  observations  also 
apply  to  diodes  with  a  2.5  urn  spike.  Thus,  the  n+n  spike  limits  the 
number  of  hot  spots  to  one  and  influences  the  hot  spot  location,  al¬ 
though  its  effect  is  not  observed  until  the  diode  is  very  close  to  the 
second  breakdown  threshold. 

Comments  concerning  the  amplitude  of  the  current  and  voltage  wave¬ 
forms,  and  the  effect  of  doping  level  on  n-region  darkening  are  similar 
to  those  made  in  connection  with  the  standard  reference  diodes  shown  in 
Fig.  29.  However,  the  formation  of  hot  spots  prior  to  second  breakdown 
was  not  observed  in  diodes  with  an  n-region  doping  density  less  than 
that  of  diodes  on  Wafer  2-5. 

0.  Contact  Spike  Diodes 

Diodes  with  a  single  spike  either  2.5  or  5  um  in  length  on  the 
metal-p+  and  the  metal-n+  Interfaces  were  also  studied;  these  were  re¬ 
ferred  to  as  "contact  spike  diodes."  However,  there  were  no  discernable 
differences  between  the  heating  patterns  of  diodes  with  contact  spikes 
and  standard  reference  diodes.  In  addition,  there  were  no  observable 
differences  between  the  current  and  voltage  failure  thresholds  of  con¬ 
tact  spike  and  standard  reference  diodes  at  any  of  the  five  nominal 
doping  levels.  Thus,  the  presence  of  a  contact  spike  appears  to  have 
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no  effect  on  a  diode's  susceptibility  to  second  breakdown.  One  minor 
effect  of  contact  spikes  will  be  mentioned  in  section  V.F.3. 

E.  Enclosed  Reference  Diodes 

This  section  describes  the  heating  patterns  observed  in  enclosed 
reference  diodes.  In  these  diodes,  the  p+n  and  n+n  junctions  are  en¬ 
tirely  surrounded  by  the  n-region.  Reverse  bias  tests  of  two  enclosed 
reference  diodes  on  Wafer  2-5  are  shown  in  Fig.  32.  The  tests  were 
performed  using  10  us  constant  voltage  pulses  which  were  applied  to  the 
series  combination  of  the  diode  and  a  current-measuring  resistor.  A 
decrease  in  current  during  the  pulse  corresponds  to  an  increase  in  di¬ 
ode  impedance. 

The  zero  bias  and  heating  pattern  photographs  of  one  of  the  diodes 
are  shown  in  Fig.  32a  and  32b,  respectively.  Figure  32c  and  32d  show 
the  zero  bias  and  heating  pattern  photographs  of  the  other  diode.  The 
waveforms  corresponding  to  Fig.  32b  and  32d  are  shown  in  Test  #1  and 
Test  #2,  respectively.  Both  of  the  diodes  are  fairly  close  to  the 
second  breakdown  threshold. 

The  diode  in  Test  #1  has  an  n-reglon  length  of  30  ym  and  an  n- 
reglon  width  of  110  urn.  The  width  of  the  p+n  and  n+n  junctions  is  50 
urn,  roughly  half  the  n-region  width.  The  n-region  heating  between  the 
two  junctions  Is  fairly  uniform  in  Fig.  32b,  but  two  hot  spots  have 
formed  on  the  corners  of  the  protruding  portion  of  the  p+n  junction. 

The  dimensions  of  the  diode  in  Test  #2  are  the  same  as  the  diode  in 
Test  #1,  except  that  the  length  of  the  n-region  in  Test  #2  is  100  urn. 
Again,  the  n-region  heating  between  the  protrusions  of  the  two  junc¬ 
tions  is  fairly  uniform  except  for  the  two  hot  spots  that  have  formed 
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Pig.  32,  Reverse  Mas  tests  of  two  enclosed  reference 
diodes  on  Wafer  2-5.  (a)-(b)  Zero  bias  and  heating  pattern 
photographs  of  the  diode  in  Test  #1.  (c)-(d)  Zero  bias  and 
heating  pattern  photographs  of  the  diode  in  Test  #2. 
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at  the  corners  of  the  p+n  junction  protrusion.  These  corners  of  the 
p+n  junction  serve  as  significant  concentration  centers  for  the  cur¬ 
rent,  whereas  the  corners  close  to  the  diode  edges  do  not. 

The  current  waveforms  of  T<ist  #1  and  Test  #2  are  similar,  indi¬ 
cating  the  current  densities  in  the  n-regions  are  distributed  in  a 
similar  manner  for  the  two  n-region  lengths.  The  darkening  of  the  n- 
region  in  front  of  the  protrusions  is  comparable  to  that  of  the  stand¬ 
ard  reference  and  diffusion  spike  diodes  close  to  their  thresholds,  so 
all  current  densities  should  be  similar.  The  amplitude  of  the  voltage 
waveform  is  much  larger  in  Test  #2  than  Test  #1  because  of  the  in¬ 
creased  n-region  length  in  Test  #2.  This  is  in  agreement  with  the  be¬ 
havior  of  the  standard  reference,  diffusion  spike,  and  contact  spike 
diodes  already  described. 

Observations  of  other  enclosed  reference  diodes  show  that  the  cor¬ 
ners  are  less  effective  in  localizing  the  current  distribution  when  the 
junction  width  is  a  larger  fraction  of  the  n-region  width.  Hot  spots 
may  form  along  the  p*n  junction  as  well  as  at  the  protruding  corners  of 
the  junction.  Or  hot  spots  may  form  along  the  p+n  junction,  with  no 
hot  spots  at  the  junction  corners. 

F.  Comparison  of  Standard  Reference,  Enclosed  Reference, 
p+n  Spike,  and  n+n  Spike  Diodes 

The  data  presented  in  this  section  provide  a  more  quantitative  un¬ 
derstanding  of  current  fllamentation  in  silicon-on-sapphire  diodes  than 
the  heating  pattern  photographs  described  above.  A  discussion  of  ener¬ 
gy  failure  thresholds,  voltage  failure  thresholds,  and  damage  morpholo¬ 
gy  as  functions  of  geometry  and  doping  level  is  given  below. 
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1.  Energy  Threshold  Analysis 

One  goal  of  this  study  was  to  evaluate  the  effect  of  diffusion 
spikes  on  failure  energy  thresholds.  It  was  anticipated  that  spikes  on 
either  the  p+n  or  the  n+n  junction  would  reduce  the  failure  thresholds. 
However,  the  magnitude  of  the  reduction,  and  the  effects  of  n- region 
length,  width,  and  doping  level  were  not  known. 

The  term  "failure  energy,"  as  it  is  used  here,  refers  to  the  ener¬ 
gy  input  necessary  to  cause  second  breakdown.  If  second  breakdown  oc¬ 
curs  before  the  end  of  the  pulse,  then  subsequent  energy  input  to  the 
diode  is  not  Included  in  the  failure  energy.  The  second  breakdown 
transition  Is  generally  quite  sharp,  so  there  is  no  difficulty  in  de¬ 
termining  when  it  occurs. 

In  several  of  the  tests  of  diodes  of  Wafer  2-5,  the  voltage  and 
current  waveforms  Indicated  the  typical  change  of  device  Impedance  that 
occurs  during  the  second  breakdown  melt  transition.  This  abrupt  change 
In  device  impedance  corresponded  to  the  growth  of  a  filament  completely 
across  the  n-region.  However,  examination  of  the  diodes  after  repeated 
exposure  to  pulse  excitation  revealed  no  evidence  of  filament  damage 
and  no  changes  In  I-V  characteristics.  These  diodes  all  had  n-region 
lengths  of  10  and  30  urn,  and  the  two  shortest  n-region  widths,  30  and 
50  urn.  The  current  level  for  this  non-destructive  second  breakdown 
threshold  (which  was  found  to  be  roughly  proportional  to  n-region 
width)  Is  not  sufficient  to  form  a  melt  filament.  The  voltage  turnover 
occurred  at  a  current  density  of  about  1.2  x  109  A/m2.  However,  these 
special  geometries  are  not  discussed  here.  The  failure  energies  de¬ 
scribed  below  were  recorded  during  the  pulse  which  damaged  the  diode's 
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I-V  characteristics.  All  of  the  tests  were  done  with  constant  current 
pulses  10  ys  in  length.  The  diffusion  spike  length  was  5  ym. 

Figure  33  shows  the  failure  energy  thresholds  of  standard  refer¬ 
ence  and  diffusion  spike  diodes  on  Wafer  2-5.  The  n-region  width  of 
all  these  diodes  is  200  ym.  The  first  column  shows  standard  reference 
diodes,  while  the  second  and  third  columns  show  p+n  and  n+n  spike  di¬ 
odes,  respectively.  There  are  three  rows  which  represent,  from  top  to 
bottom,  diodes  with  n-region  lengths  of  10,  30,  and  100  ym. 

Two  energies  are  shown  for  most  of  the  diodes  tested.  The  open 
circles  show  the  total  energy  input  to  the  diode  during  the  maximum 
amplitude  non-destructive  pulse.  The  closed  circles  show  the  failure 
energy.  The  individual  diodes  are  displaced  horizontally  for  clarity. 

Each  of  the  nine  groups  of  diodes  shown  here  exhibits  a  range  of 
failure  and  pre-failure  energies.  In  some  cases  the  failure  energy  is 
larger  than  the  pre-failure  energy;  in  other  cases  the  reverse  is  true. 
If  the  failure  energy  Is  lower  than  the  pre- failure  energy,  the  in¬ 
crease  in  pulse  amplitude  of  the  failure  pulse  caused  failure  to  occur 
early  in  the  pulse.  Once  a  critical  current  threshold  had  been  ex¬ 
ceeded,  a  small  further  Increase  tended  to  have  a  large  effect  in  re¬ 
ducing  the  delay  time  to  second  breakdown.  Thus,  the  higher  of  the  two 
energies  may  be  the  more  useful  quantity  for  comparing  failure  thresh¬ 
olds. 

Comparison  of  the  energy  scales  in  Fig.  33  shows  that  failure 
energies  tend  to  Increase  as  n-region  length  Increases,  for  both  stand¬ 
ard  reference  and  diffusion  spike  diodes.  In  Fig.  34,  the  failure  en¬ 
ergy  threshold  is  plotted  as  a  function  of  n-region  length  for  standard 


112 


ENERGY 
25  pJ-t 


STANDARD 

REFERENCE 


tffpj 


ENERGY 
50  pJ  -l- 


ENERGY 


100  pJ 


°c 

■1 

? 

< 

,1 

f  0 


P+N 

DIFFUSION 

SPIKE 


N+N 

DIFFUSION 

SPIKE 


N- REG ION  LENGTH  a  10  pm 


$<> 


Of 


N- REG ION  LENGTH  »  30  pm 

II 


N- REG ION  LENGTH  »  100  pm 


♦  ft 


•  DESTRUCTIVE  PULSE 

o MAXIMUM  AMPLITUDE  NON- DESTRUCTIVE  PULSE 


Pig.  33.  Total  energy  input  at  the  second  breakdown 
threshold.  These  diodes  are  from  Wafer  2-5,  and  hare  an 
n-region  width  of  200  pm. 
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reference,  p+n  spike,  and  n+n  spike  diodes.  The  individual  points  in 
Fig.  34  were  obtained  by  averaging  the  higher  of  the  failure  and  pre¬ 
failure  energies  in  Fig.  33.  Error  bars  show  the  maximum  and  minimum 
energies  included  in  the  average.  The  size  of  these  overlapping  error 
bars  illustrates  why  it  is  not  feasible  to  observe  general  trends  from 
individual  measurements. 

The  diffusion  spikes  significantly  lower  the  failure  energy 
thresholds  of  diodes  with  an  n-region  length  of  10  urn.  Diffusion 
spikes  also  tend  to  lower  the  failure  energy  thresholds  of  diodes  with 
longer  n-region  lengths  if  they  are  located  on  the  p+n  junction.  How¬ 
ever,  spikes  on  the  n+n  junction  have  relatively  minor  effect  on  the 
failure  thresholds  at  longer  n-region  lengths. 

The  failure  threshhold  energy  increases  approximately  linearly 
with  n-region  length  for  each  of  the  three  curves.  Standard  reference 
diodes  tend  to  have  the  highest  failure  energy  thresholds,  while  p+n 
spike  diodes  tend  to  have  the  lowest.  It  appears  that  the  major  factor 
affecting  failure  energy  thresholds  is  the  n-region  length,  while  dif¬ 
fusion  spikes  play  a  secondary  role. 

A  summary  of  the  pre- failure  and  failure  energies  measured  on 
Wafer  2-5,  and  also  on  Wafers  2-4  and  2-1,  is  given  in  Tables  4  and  5. 
These  tables  show  the  average  of  the  pre-failure  and  failure  energies, 
and  the  maximum  and  minimum  energies  included  in  the  averages. 

Since  the  energy  threshold  data  were  obtained  with  constant  cur¬ 
rent  pulses,  they  also  describe  current,  or  current  density,  failure 
thresholds.  Figure  35  shows  the  current  failure  thresholds  of  standard 
reference  and  diffusion  spike  diodes  on  Wafer  2-5  with  n-region  widths 
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TABLE  4. — Numerical  values  of  the  pre-failure  and  failure 
energies  of  diodes  on  Wafers  2-5  and  2-4  with  n-region 
widths  of  200  pm.  Each  pre-failure  and  failure  energy  is 
the  average  of  about  five  measurements.  The  maximum  and 
minimum  energies  included  in  the  average  are  also  shown. 
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TABLE  5.— Numerical  values  of  the  pre-failure  and  failure 
energies  of  diodes  on  Wafer  2-4  with  n-region  widths  of 
30  pm,  and  of  diodes  on  Wafer  2-1  with  n-region  widths  of 
200  pm.  Each  pre-failure  and  failure  energy  is  the 
average  of  about  five  measurements.  The  maximum  and 
minimum  energies  included  in  the  average  are  also  shown. 
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Pig. 35.  Current  amplitude  at  the  second  breakdown 
threshold  versus  n-region  length  for  standard  reference 
and  diffusion  spike  diodes  on  Wafer  2-5.  Error  bars 
show  the  maximum  and  minimum  of  the  measurements. 
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of  200  um,  the  same  group  as  in  Fig.  33  and  Fig.  34.  The  three  curves 
are  almost  horizontal,  indicating  that  the  diodes  fail  at  a  current 
density  on  the  order  of  10^  A/m2,  regardless  of  n- region  length  or  dif¬ 
fusion  spikes. 

A  summary  of  the  current  and  current  density  failure  thresholds 
measured  on  Wafers  2-1,  2-4,  and  2-5  is  given  in  Tables  6  and  7.  These 
tables  show  the  average  current  and  current  density  failure  thresholds, 
and  the  maximum  and  minimum  values  included  in  the  averages. 

Another  concern  Is  the  effect  of  n- region  doping  level  on  failure 
thresholds.  Figure  36  shows  the  failure  energy  thresholds  of  diodes 
with  an  n-reglon  width  of  200  ym  on  Wafer  2-4.  This  diagram  is  similar 
to  Fig.  33  except  that  data  for  diodes  with  n- region  lengths  of  100  ym 
are  not  included.  The  failure  threshold  energy  range  of  standard 
reference  diodes  lies  well  above  the  ranges  of  p+n  and  n+n  spike  diodes 
for  both  n-region  lengths.  Thus,  both  types  of  diffusion  spikes  seem 
to  be  effective  in  reducing  the  failure  thresholds.  Note  that  the  pre¬ 
failure  energies  of  the  p+n  and  n+n  spike  diodes  are  roughly  compar¬ 
able,  whereas  the  failure  energies  are  not.  Failure  tended  to  occur 
earlier  in  the  pulse  for  the  n+n  spike  diodes.  This  may  be  associated 
with  the  relatively  low  turnover  temperature  of  the  n-region 
resistivity-temperature  curve,  with  the  p+n  junction  voltage  remaining 
high. 

As  the  n-region  length  increases  from  10  to  30  ym  the  energy  fail¬ 
ure  thresholds  also  Increase,  roughly  a  factor  of  two  for  both  standard 
reference  and  diffusion  spike  diodes.  Thus,  the  n-region  length  is  a 
major  factor  in  determining  failure  energy  thresholds  on  Wafer  2-4  and 


TABLE  6. — Numerical  values  of  the  current  and  current 
density  failure  thresholds  of  diodes  on  Wafers  2-5  and  2-4 
with  n-region  widths  of  200  jim.  Each  failure  threshold  is 
the  average  of  about  five  measurements.  The  maximum  and 
minimum  values  included  in  the  average  are  also  shown. 
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TABLE  7.— Numerical  values  of  the  current  and  current 
density  failure  thresholds  of  diodes  on  Wafer  2-1  with 
n-region  widths  of  200  pm,  and  of  diodes  on  Wafer  2-4 
with  n-region  widths  of  30  pm.  The  maximum  and  minimum 
values  included  in  the  average  are  also  shown. 
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CURRENT  FAILURE  THRESHOLDS  OF  DIODES  ON  WAFER  2-4 
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Pig.  36.  Total  energy  input  at  the  second  breakdown 
threshold.  These  diodes  are  from  Wafer  2-4.  and  have  an 
n-region  width  of  200  pm. 


122 


Wafer  2-5.  Current  densities  at  the  failure  thresholds  are  presented 
in  Tables  6  and  7. 

The  failure  thresholds  shown  in  Fig.  36  were  obtained  from  diodes 
with  an  n-region  width  of  200  pm.  However,  in  the  diffusion  spike  di¬ 
odes,  only  a  small  part  of  this  width  is  occupied  by  the  spike.  The 
spikes  are  5  pm  in  length  and  about  6  pm  wide  at  the  base,  so  they 
cover  only  about  3%  of  the  p+n  or  n+n  junction  width.  If  the  total  di¬ 
ode  current  at  the  failure  threshold  is  much  larger  than  the  current 
which  flows  through  the  spike,  then  the  spike  may  have  a  relatively 
small  effect.  Thus,  It  is  important  to  determine  whether  the  spikes 
exert  a  larger  Influence  on  failure  thresholds  when  the  n-region  width 
Is  decreased. 

The  failure  energy  thresholds  of  diodes  on  Wafer  2-4  with  an  n- 
region  width  of  30  pm  are  shown  in  Fig.  37.  Figure  37  is  similar  to 
Fig.  36  in  all  respects  except  for  the  n-region  width  and  the  energy 
scale.  The  diffusion  spikes  occupy  about  20%  of  the  total  n-region 
width  for  these  diodes. 

Again,  the  failure  threshold  energy  range  of  the  standard  refer¬ 
ence  diodes  lies  well  above  the  ranges  of  the  p+n  and  n+n  spike  diodes 
for  the  10  pm  n-region  length.  The  failure  thresholds  of  standard  ref¬ 
erence  diodes  with  a  30  pm  n-region  length  tend  to  be  larger  than  those 
of  corresponding  diffusion  spike  diodes,  but  the  difference  Is  not 
quite  as  large  as  In  Fig.  36.  Thus,  the  n-region  width  seems  to  have 
little  effect  on  the  relative  Importance  of  diffusion  spikes.  The 
energy  thresholds  are  proportional  to  the  n-region  width  in  Figs.  36 
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Fig.  37.  Total  energy  input  at  the  second  breakdown 
threshold.  These  diodes  are  from  Wafer  2-4,  and  have  an 
n-region  width  of  30  um. 
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and  37,  so  the  spikes  have  not  had  a  greater  influence  as  width  de¬ 
creased  from  200  pm  to  30  pm. 

Inspection  of  Table  6  shows  that  diodes  on  Wafer  2-4  fail  at  cur¬ 
rent  amplitudes  approximately  one-fourth  to  one-third  of  those  on  Wafer 
2-5.  The  data  in  both  Tables  6  and  7  indicate  that  diffusion  spike  di¬ 
odes  on  Wafer  2-4  tend  to  fail  at  current  amplitudes  slightly  less  (5- 
30%  in  average  values)  than  those  of  standard  reference  diodes. 

Failure  energy  threshold  data  were  also  taken  for  diodes  with  an 
n- region  width  of  30  pm  on  Wafer  2-5.  However,  as  mentioned  previous¬ 
ly,  some  of  these  diodes  did  not  develop  a  melt  filament  during  the 
pulse  which  produced  a  hot  filament  through  the  n-region.  Further  in¬ 
crease  in  pulse  amplitude  would  have  yielded  a  melt  filament,  but  this 
was  done  in  only  a  few  cases.  Thus  the  30  pm  data  obtained  on  Wafer 
2-5  are  not  quite  comparable  to  the  30  pm  data  of  Wafer  2-4. 

The  failure  energy  thresholds  of  standard  reference  and  diffusion 
spike  diodes  on  Wafer  2-1  are  shown  in  Fig.  38.  Figure  38  is  similar 
to  Fig.  36  in  all  respects  except  for  the  n-region  doping  level  and  the 
energy  scale. 

Diffusion  spikes  have  a  major  effect  on  the  failure  energy  thresh¬ 
olds  of  diodes  with  a  10  pm  n-region  length.  The  failure  energy 
thresholds  of  the  diffusion  spike  diodes  are  very  small  in  comparison 
with  the  standard  reference  diodes,  while  the  standard  reference  diodes 
exhibit  a  wide  range  of  failure  threshold  energies,  varying  as  much  as 
a  factor  of  ten.  The  diffusion  spike  diodes  typically  fail  during  the 
Initial  rise  of  the  current  and  voltage  waveforms.  The  junction  deple¬ 
tion  width  exceeds  10  pm  for  doping  levels  less  than  2  x  10^5  cm"3. 
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Fig.  38.  Total  energy  input  at  the  second  breakdown 
threshold.  These  diodes  are  from  Wafer  2-1.  and  hare  an 
n-region  width  of  200  pm. 


126 


Thus  punchthrough  exists  in  Wafer  2-1  for  all  10  m  diodes,  with  condi¬ 
tions  much  more  severe  at  the  spike  positions  where  the  n-region  length 
is  reduced  to  5  m. 

Standard  reference  and  diffusion  spike  diodes  with  an  n-region 
length  of  30  m  exhibit  a  wide  range  of  failure  energy  thresholds.  In 
general,  standard  reference  diodes  tend  to  have  higher  failure  energy 
thresholds  than  diffusion  spike  diodes,  but  the  ranges  overlap  consid¬ 
erably.  It  appears  that  the  effect  of  geometry  is  partially  obscured 
by  non-uniformities  in  the  fabrication  processes. 

The  data  in  Tables  6  and  7  indicate  that  the  failure  current  am¬ 
plitudes  of  standard  reference  diodes  on  Wafer  2-1  vary  by  a  factor  of 
six,  and  the  average  current  amplitudes  are  roughly  one-fifteenth  of 
those  of  similar  diodes  on  Wafer  2-5.  For  an  n-region  length  of  10  m, 
standard  reference  diodes  of  Wafer  2-1  fail  at  an  average  current  am¬ 
plitude  over  five  times  that  of  diffusion  spike  diodes.  Standard  ref¬ 
erence  diodes  of  Wafer  2-1  also  tend  to  fail  at  larger  current  ampli¬ 
tudes  for  the  30  m  n-region  length. 

The  failure  threshold  energies  shown  in  Figs.  33,  36,  and  38  were 
obtained  from  diodes  with  a  constant  n-region  width  of  200  m.  Since 
three  different  doping  levels  are  represented  in  Figs.  33,  36,  and  38, 
these  data  may  be  used  to  investigate  failure  threshold  energy  as  a 
function  of  n-region  doping  level.  However,  it  is  first  necessary  to 
make  some  assumptions  concerning  the  actual  n-region  doping  level.  The 
n-region  doping  levels  of  Wafers  2-5,  2-4,  and  2-1  were  assumed  to  be 
given  by  an  average  of  the  doping  level  estimations  in  Chapter  IV. 


The  failure  threshold  energies  of  standard  reference  and  diffusion 
spike  diodes  are  plotted  as  functions  of  n- region  doping  level  for  30 
ym  n-region  length  diodes  in  Fig.  39,  and  for  10  urn  n-region  length  di¬ 
odes  in  Fig.  40.  The  corresponding  current  failure  thresholds  are 
shown  in  Fig.  41  and  Fig.  42.  The  individual  points  in  Fig.  39  and 
Fig.  40  were  obtained  by  averaging  the  higher  of  the  failure  and  pre¬ 
failure  energies  in  Figs.  33,  36,  and  38.  The  individual  points  in 
Fig.  41  and  Fig.  42  were  obtained  from  Table  6  and  Table  7.  Horizontal 
error  bars  show  the  range  of  doping  level  estimations,  and  vertical  er¬ 
ror  bars  show  the  maximum  and  minimum  energies,  or  currents,  included 
in  the  average. 

The  failure  threshold  energy  of  both  standard  reference  and  diffu¬ 
sion  spike  diodes  increases  as  n-region  doping  level  increases  in  Fig. 
39,  roughly  a  factor  of  five  or  ten  as  the  doping  density  goes  from 
10l4  to  1()17  cm“3.  Standard  reference  diodes  have  the  highest  failure 
energy  thresholds  at  all  three  doping  levels.  The  relative  importance 
of  the  diffusion  spikes  appears  to  vary  with  doping  level.  At  the  two 
lower  doping  levels,  diffusion  spikes  lower  the  failure  thresholds  al¬ 
most  50%.  However  diffusion  spikes  have  less  effect  at  the  highest 
doping  level.  Diffusion  spikes  on  the  p+n  junction  significantly  lower 
the  failure  thresholds,  but  diffusion  spikes  on  the  n+n  junction  have 
almost  no  effect. 

Failure  threshold  energy  also  tends  to  increase  as  n-region  doping 


level  Increases  in  Fig.  40.  However,  the  failure  threshold  energies  of 
standard  reference  diodes  at  the  two  higher  doping  levels  were  very 
similar.  The  failure  threshold  energies  of  the  diffusion  spike  diodes 
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OOPING  LEVEL,  cm-3 


Fig.  Z 9.  Total  energy  input  at  the  second  breakdown 
threshold  as  a  function  of  n-region  doping  level  for 
standard  reference  and  diffusion  spike  diodes.  The 
n-region  length  and  width  of  these  diodes  are  30  and 
200  pm,  respectively.  Each  point  is  the  average  of 
approximately  five  measurements.  Vertical  error  bars 
show  the  maximum  and  minimum  values  included  in  the 
average,  and  horizontal  error  bars  show  the  range  of  the 
doping  level  estimations. 
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Pig.  40.  Total  energy  input  at  the  second  breakdown 
threshold  as  a  function  of  n-region  doping  level  for 
standard  reference  and  diffusion  spike  diodes.  The 
n-region  length  and  width  of  these  diodes  are  10  and 
200  pm,  respectively.  Each  point  is  the  average  of 
approximately  five  measurements.  Vertical  error  bars 
show  the  maximum  and  minimum  values  included  in  the 
average,  and  horizontal  error  bars  show  the  range  of  the 
doping  level  estimations. 
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2  3  4  5  6  7 

RESISTIVITY  '3/4  n-cm'3/4 


Fig.  41.  Current  amplitude  at  the  second  breakdown 
threshold  as  functions  of  n-region  doping  level  and 
resistivity  for  standard  reference  and  diffusion  spike 
diodes  (length  *  30  pm,  width  =  200  pm).  Each  point  is 
the  average  of  approximately  five  measurements.  Vertical 
and  horizontal  error  bars  shew,  respectively,  the  maximum 
and  minimum  values  included  in  the  average,  and  the  range 
of  doping  level  or  resistivity  estimations. 
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Pig.  42.  Current  amplitude  at  the  second  breakdown 
threshold  as  functions  of  n-region  doping  level  and 
resistivity  for  standard  reference  and  diffusion  spike 
diodes  (length  *  10  pm,  width  *  200  }m).  Each  point  is 
the  average  of  approximately  five  measurements.  Vertical 
and  horizontal  error  bars  show,  respectively,  the  maximum 
and  minimum  values  included  in  the  average,  and  the  range 
of  doping  level  or  resistivity  estimations. 
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are  much  larger  at  the  two  higher  doping  levels  than  at  the  lowest  dop¬ 
ing  level,  at  least  a  factor  of  fifty.  The  failure  thresholds  of  dif¬ 
fusion  spike  diodes  were  less  than  those  of  standard  reference  diodes 
at  all  three  doping  levels. 

Figure  41  and  Fig.  42  show  that  the  current  amplitude  at  the  fail¬ 
ure  threshold  also  increases  as  n-region  doping  level  increases,  and 
that  standard  reference  diodes  tend  to  have  higher  failure  currents 
than  diffusion  spike  diodes.  Diffusion  spikes  become  less  effective  in 
reducing  failure  current  thresholds  as  doping  level  increases.  How¬ 
ever,  the  major  factor  affecting  failure  current  amplitude  is  the  n- 
region  doping  level.  Figures  41b  and  42b  indicate  that  current  thresh¬ 
olds  closely  follow  the  p“3/4  dependence  predicted  by  the  Budenstein, 
Pontius,  Smith  model. 


2.  Voltage  Threshold  Analysis 

The  energy  threshold  data  presented  above  provide  one  scheme  for 
evaluating  second  breakdown  thresholds.  Both  voltage  and  current  wave¬ 
forms  had  to  be  obtained,  multiplied  together,  and  integrated  to  the 
point  where  failure  had  occurred  (or  to  the  end  of  the  pulse  in  cases 
where  the  failure  threshold  is  estimated).  However,  one  of  the  goals 
of  the  present  effort  was  to  find  a  tractable  method  for  evaluating 
second  breakdown  susceptibility.  To  this  end,  voltage  thresholds  were 
observed  using  pulses  from  a  constant  impedance  generator.  In  each 
test,  single  pulses  of  gradually  increasing  amplitude  were  applied  un¬ 
til  failure  occurred. 
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Pulses  were  supplied  by  a  Velonex  Model  380  pulse  generator  to  the 
series  connection  of  a  1  ka  resistor  and  a  reverse  biased  diode.  The 
resistor  was  included  to  limit  damage  so  that  filament  locations  could 
be  investigated.  The  maximum  amplitude  of  the  voltage  waveform  during 
the  failure  pulse  was  taken  as  the  voltage  failure  threshold.  The 
pulse  shape  was  approximately  square  on  all  but  Wafers  1-5  and  2-5.  In 
the  latter  cases,  there  was  a  voltage  turnover  before  the  end  of  the 
damaging  pulse.  This  is  shown  in  Fig.  43  for  standard  reference  and 
p+n  diffusion  spike  diodes  on  Wafers  2-5  and  2-4  with  a  common  n-region 
length  of  30  pm  and  a  width  of  200  pm.  The  voltage  at  this  turnover 
was  taken  as  the  voltage  failure  threshold. 

Diodes  with  varying  n-region  lengths,  widths,  and  doping  levels 
were  tested  in  eight  different  structural  types.  The  voltage  failure 
thresholds  were  strong  functions  of  n-region  length  and  doping  level, 
but  voltage  was  independent  of  n-region  width.  Therefore,  in  the  re¬ 
sults  which  follow,  n-region  width  is  not  further  considered.  The 
eight  structure  types  were  standard  reference,  metal -p+  and  metal -n+ 
contact  spike,  p+n  and  n+n  diffusion  spike,  radius  of  curvature,  and 
multiple  spike.  The  spike  length  for  the  contact  and  diffusion  spike 
structures  was  5  pm.  The  multiple  spike  lengths  were  1,  2,  4,  and  8 
pm.  In  the  first  six  of  these  structures,  approximately  twelve  diodes 
were  tested  at  each  of  three  n-region  lengths  (10,  30,  and  100  pm)  on 
wafers  representing  each  of  the  five  nominal  doping  densities  (Wafers 
2-1,  2-2,  1-3,  2-4,  and  2-5).  Diodes  with  an  n-region  length  of  300  pm 
were  Included  on  Wafer  2-5.  Voltage  threshold  tests  on  radius  of  curv¬ 
ature  diodes  were  similar,  except  that  nine  diodes  were  tested  for  each 
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WAFER  2-5 

STANDARD  REFERENCE 


2  ps/DIV 


WAFER  2-4 

STANDARD  REFERENCE 


2  ps/DIV 


WAFER  2-5 
P+N  SPIKE 


2  ps/DIV 


WAFER  2-4 
P+N  SPIKE 


2  ps/DIV 


Fig.  43.  Voltage  waveforms  showing  second  breakdown 
in  standard  reference  and  p+n  diffusion  spike  diodes  on 
Wafers  2-5  and  2-4.  Pulses  of  increasing  amplitude  were 
applied  to  the  diodes  until  damage  occurred.  The  diodes 
have  a  common  n-region  length  of  30  pm  and  a  width  of 
200  pm. 


n-region  length,  and  only  n-region  lengths  of  10,  30,  and  100  um  were 
tested  (since  the  structure  only  contains  three  n-region  lengths).  In 
the  multiple  spike  structure,  only  diodes  with  p+n  and  n+n  diffusion 
spikes  were  tested.  Three  diodes  were  tested  for  each  n-region  length 
(10,  30,  and  100  ym),  and  for  each  diffusion  spike  length.  In  all,  ap¬ 
proximately  1500  diodes  were  included. 

The  failure  voltages  of  standard  reference  and  diffusion  spike  di¬ 
odes  on  Wafer  2-5  are  plotted  versus  n-region  length  in  Fig.  44.  Each 
point  on  the  diagram  is  the  average  of  the  failure  voltages  of  approxi¬ 
mately  twelve  diodes.  Error  bars  show  one  standard  deviation  above  and 
below  the  mean.  The  most  distinctive  feature  of  Fig.  44  is  that  the 
voltage  failure  thresholds  of  both  the  standard  reference  and  the  dif¬ 
fusion  spike  diodes  increase  approximately  linearly  with  n-region 
length.  The  close  proximity  of  the  three  curves  indicates  that  diffu¬ 
sion  spikes  do  not  play  a  major  role  in  reducing  the  voltage  failure 
thresholds.  However,  the  voltage  threshold  distributions  of  standard 
reference  and  p+n  spike  diodes  are  separated  by  more  than  one  standard 
deviation  for  n-region  lengths  of  10,  30,  and  100  um.  This  indicates 
that  the  p+n  spike  has  a  minor  effect  in  reducing  the  voltage  failure 
thresholds.  A  similar  effect  did  not  occur  for  n+n  spike  diodes.  Most 
of  the  error  bars  in  Fig.  44  are  too  small  to  be  seen  clearly.  There¬ 
fore,  this  information  is  also  presented  numerically  in  Tables  8-12. 
Tables  8-12  contain  all  the  voltage  threshold  data  for  this  and  subse¬ 
quent  sections. 

The  voltage  failure  thresholds  of  standard  reference  diodes  close¬ 
ly  fit  a  straight  line.  A  least-squares  fit  to  the  data  in  Fig.  44 
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diffusion  spike  diodes  on  Wafer  2-5.  Error  bars  show 
on.  standard  delation  above  and  below  th.  n.S? 
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TABLE  8.— Voltage  failure  thresholds  of  diodes  with  an 
n-region  length  of  10 


VOLTAGE  FAILURE  THRESHOLDS  OF  DIODES 
WITH  AN  N-REGION  LENGTH  OF  10  urn 


I  v  t«)  wM  fB  >»  '4  %  1"/, 


DENSITY  (cm' 


P+N  SPIKE 
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TABLE  9.— Voltage  failure  thresholds  of  diodes  with  an 
n-region  length  of  30  pm. 


VOLTAGE  FAILURE  THRESHOLDS  OF  DIODES 
WITH  AN  N-REGION  LENGTH  OF  30 


DIODE  TYPE 


P+N  SPIKE 


N+N  SPIKE 


TABLE  10.— Voltage  failure  thresholds  of  diodes  with  an 
n-region  length  of  100  pm. 


VOLTAGE  FAILURE  THRESHOLDS  OF  DIODES 
WITH  AN  N-REGION  LENGTH  OF  100 


P+N  SPIKE 


N+N  SPIKE 


5  x  10 


5  x  10 


P+N  SPIKE 


N+N  SPIKE 
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TABLE  11. — Voltage  failure  thresholds  of  diodes  with  an 
n-region  length  of  300  um,  and  multiple  spike  diodes  on 

Wafer  2-5. 


VOLTAGE  FAILURE  THRESHOLDS  OF  DIODES 
WITH  AN  N-REGION  LENGTH  OF  300  pm 


NOMINAL  DOPING 
DENSITY  (cm"5) 

WAFER 

NUMBER 

DIODE  TYPE 

BREAKDOWN 
VOLTAGE  (V) 

5  x  1017 

2-5 

BIBSSI 

825 

29 

5  x  1017 

2-5 

808 

21 

5  x  1017 

2-5 

P+N  SPIKE 

822 

34 

5  x  1017 

N+N  SPIKE 

834 

22 
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TABLE  12, --Voltage  failure  thresholds  of  multiple  spike 
diodes  on  Wafers  2-2,  1-3,  and  2-4, 


BREAKDOWN  VOLTAGES 


847 


817 


817 


823 


743 


750 


717 


700 


627 


1043 


1017 


1017 


1020 


990 


1007 


1017 


873 


810 


643 


637 


637 


607 


603 


635 


620 


593 


513 


1 
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gives  a  slope  of  2.68  V/  m,  an  intercept  of  20  V,  amd  a  correlation  co¬ 
efficient  of  0.99992.  The  intercept  is  the  sum  of  the  average  junction 
voltage  and  the  series  iR-drops  of  the  p+  and  n+  regions.  In  Wafer  2- 
5,  with  the  threshold  current  density  of  8.8x10^  A/rn^,  the  series  iR- 
drop  is  about  3V  for  a  diode  of  200  pm  width.  Since  the  average  cur¬ 
rent  density  at  the  failure  threshold  is  largely  independent  of  n- 
region  length,  the  sum  of  the  p+n  junction  voltage  and  series  iR-drop 
near  the  failure  threshold  is  also  independent  of  n-region  length. 

With  an  intercept  of  20  V  and  a  series  iR-drop  of  3  V,  the  junction 
voltage  at  the  breakdown  threshold  is  17  V.  This  is  to  be  compared  to 
the  low  current  avalanche  voltage  in  Wafer  2-5  of  12  V. 

The  voltage  failure  thresholds  of  standard  reference  and  diffusion 
spike  diodes  on  Wafer  2-4  are  shown  in  Fig.  45.  Comparison  with  Fig. 

44  shows  that  the  voltage  failure  thresholds  of  diodes  on  Wafer  2-5  are 
roughly  half  those  of  corresponding  diodes  on  Wafer  2-4.  The  failure 
voltages  of  standard  reference  diodes  tend  to  be  larger  than  those  of 
diffusion  spike  diodes  for  all  three  n-region  lengths  in  Fig.  45.  In 
addition,  the  failure  voltages  of  n+n  spike  diodes  tend  to  be  less  than 
those  of  p+n  spike  diodes  for  n-region  lengths  of  30  and  100  pm.  The 
mean  failure  threshold  of  n^n  spike  diodes  is  roughly  20%  less  than 
that  of  standard  reference  diodes  for  all  three  n-region  lengths.  The 
distributions  are  separated  by  more  than  one  standard  deviation.  Al¬ 
though  there  are  large  overlaps  in  the  data  distributions,  the  data  of 
Figs.  39,  40,  44,  and  45  indicate  that  p+n  spikes  are  more  effective  in 
reducing  both  energy  and  voltage  failure  thresholds  on  Wafer  2-5,  while 
the  reverse  is  true  on  Wafer  2-4.  The  data  for  standard  reference  di- 
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N-REGION  LENGTH  (urn) 


Fig.  45.  Breakdown  voltage  versus  n-region  length 
for  standard  reference,  p  n  diffusion  spike,  and  n+n 
diffusion  spike  diodes  on  Wafer  2-4.  Error  bars  show  one 
standard  deviation  above  and  below  the  mean. 


144 


odes  in  Fig.  45  fit  a  straight  line  with  a  slope  of  6.04  V/  m,  an  in¬ 
tercept  of  60  V,  and  a  correlation  coefficient  of  0.9998. 

The  voltage  failure  thresholds  of  standard  reference  and  diffusion 
spike  diodes  on  Wafers  1-3,  2-2,  and  2-1  are  shown  in  Figs.  46,  47,  and 
48,  respectively.  Although  these  three  wafers  have  nominal  doping  den¬ 
sities  which  vary  by  a  factor  of  a  hundred,  their  electrical  behavior 
is  very  similar,  so  they  are  discussed  together.  There  were  several 
100  pm  n-region  length  diodes  on  Wafer  1-3  which  did  not  fail  at  the 
maximum  pulse  amplitude  of  the  Velonex  pulser  (about  1000  V).  The  two 
plus  signs  over  points  on  Fig.  46  indicate  that  the  maximum  amplitude 
setting  of  the  pulse  generator  was  taken  as  the  failure  voltage  when 
the  diode  could  not  be  destroyed. 

Several  distinctive  features  common  to  each  of  the  three  plots  in 
Figs.  46,  47,  and  48  are  discussed  below.  Diodes  with  an  n-region 
length  of  10  pm  are  affected  almost  equally  by  the  presence  of  either 
type  of  diffusion  spike;  the  spike  lowers  the  failure  threshold  by  a 
factor  of  approximately  one-half.  However,  diodes  with  n-region 
lengths  of  30  and  100  pm  are  not  affected  equally  by  p+n  and  n+n 
spikes.  The  p+n  spike  becomes  less  effective  in  reducing  the  failure 
threshold  as  n-region  length  increases.  As  indicated  by  the  error 
bars,  there  is  no  significant  difference  in  the  failure  thresholds  of 
standard  reference  and  p+n  spike  diodes  with  n-region  lengths  of  100 
pm.  The  n+n  spike  exerts  a  significant  influence  at  an  n-region  length 
of  30  pm,  since  the  distribution  is  separated  from  that  of  both  stan¬ 
dard  reference  and  p+n  spike  diodes  by  more  than  one  standard  devia¬ 
tion. 
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N-REGION  LENGTH  (pm) 


Pig.  46.  Breakdown  voltage  versus  n-region  length 
for  standard  reference,  p+n  diffusion  spike,  and  n  n 
diffusion  spike  diodes  on  Wafer  1-3.  Error  bars  show 
one  standard  deviation  above  and  below  the  mean.  The 
plus  sign  indicates  that  some  diodes  could  not  be 
burned  out  at  the  maximum  amplitude  of  the  pulse  generator 
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Pig.  47.  Breakdown  voltage  versus  n-region  length 
for  standard  reference,  p+n  diffusion  spike,  and  n  n 
diffusion  spike  diodes  on  Wafer  2-2.  Error  tars  show 
one  standard  deviation  above  and  below  the  mean. 
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DIFFUSION 
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N-REGION  LENGTH  (pm) 


Fig*  48.  Breakdown  voltage  versus  n-region  length 
for  standard  reference,  p  n  diffusion  spike,  and  n  n 
diffusion  spike  diodes  on  Wafer  2-1 •  Error  bars  show 
one  standard  deviation  above  and  below  the  mean. 
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The  data  of  Figs.  46-48  were  not  least-squares  fitted  because  the 
diodes  with  10  ym  n-reglon  lengths  have  different  J-V-T  characteristics 
(punchthrough)  than  diodes  with  longer  n-reglon  lengths.  However,  for 
30  and  100  ym  n-region  length  standard  reference  diodes,  the  slopes  and 
Intercepts  of  Figs.  46-48  are  8.9,  6.6,  6.4  V/ym,  and  102,  167,  162 
V,  respectively. 

A  plot  of  voltage  failure  thresholds  of  standard  reference  diodes 
versus  n-reglon  doping  level  Is  shown  In  Fig.  49.  These  data  are  from 
Wafers  2-1,  2-4,  and  2-5.  Wafers  2-2  and  1-3  were  excluded  because 
their  doping  level  estimations  are  less  reliable.  The  doping  level  es¬ 
timations  in  Fig.  49  are  the  same  as  those  in  Figs.  39-42.  The  voltage 
failure  thresholds  decrease  with  increasing  doping  level  for  each  of 
the  three  n-reglon  lengths. 

The  enclosed  reference  structure  and  the  standard  reference  struc¬ 
ture  both  have  straight  p+n  junctions,  but  the  junction  Is  completely 
Islanded  by  the  n-reglon  In  the  enclosed  reference  structure.  Since 
protruding  corners  on  the  p+n  junction  serve  as  concentration  centers 
for  the  current,  the  role  of  junction  corners  on  voltage  failure 
thresholds  was  investigated. 

The  voltage  failure  thresholds  of  standard  reference  and  enclosed 
reference  diodes  on  Wafer  2-5  are  shown  In  Fig.  50.  The  failure 
thresholds  of  both  standard  and  enclosed  reference  diodes  Increase  ap¬ 
proximately  linearly  with  n-reglon  length,  and  the  overlapping  error 
bars  Indicate  that  the  enclosed  reference  geometry  has  no  significant 
effect  In  reducing  the  voltage  failure  thresholds.  However,  this  does 
not  Imply  that  energy  failure  thresholds  are  not  affected  (energy  fall- 
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Pig.  49.  Breakdown  voltage  versus  n-region  doping 
level  for  standard  reference  diodes  with  n-region  lengths 
of  10,  30,  and  100  pin.  Vertical  error  bars  show  one 
standard  deviation  above  and  below  the  mean.  Horizontal 
error  bars  show  the  range  of  doping  level  estimations. 
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?lg.  50,  Breakdown  voltage  Ter sue  n-region  length 
for  standard  reference  and  enclosed  reference  diodes  on 
Wafer  2-5.  Error  bars  show  one  standard  deriation  above 
and  below  the  mean. 
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ure  thresholds  were  only  investigated  for  standard  reference  and  diffu¬ 
sion  spike  diodes),  since  the  average  current  density  in  front  of  the 
protrusions  Is  greater  than  that  on  either  side  of  the  protrusions. 

The  voltage  failure  thresholds  of  standard  reference  and  enclosed 
reference  diodes  on  Wafer  2-4  are  shown  in  Fig.  51.  The  comments  made 
In  connection  with  Fig.  50  also  apply  to  Fig.  51. 

The  voltage  failure  thresholds  of  standard  reference  and  enclosed 
reference  diodes  on  Wafers  1-3,  2-2,  and  2-1  are  shown  in  Figs.  52,  53, 
and  54,  respectively.  Again,  these  three  wafers  display  similar  elec¬ 
trical  characteristics.  The  overlapping  error  bars  indicate  that  there 
is  no  significant  difference  between  the  voltage  failure  thresholds  of 
standard  and  enclosed  reference  diodes  with  n-region  lengths  of  10  and 
100  urn,  although  there  Is  a  significant  difference  for  the  30  um  n- 
reglon  length.  The  role  of  spike  length  In  determining  voltage  failure 
thresholds  will  be  described  in  Section  V.F.4. 

3.  Damage  Morphology 

Damage  occurred,  in  nearly  every  device  tested,  by  formation  of  a 
melt  filament  across  the  high  resistivity  n-region  of  the  device.  The 
location  of  the  melt  filament  in  a  diode  Indicates  the  portion  of  the 
n-region  having  the  highest  temperature,  and  hence  the  highest  current 
density,  at  the  failure  threshold.  The  melt  filament  location  is  re¬ 
lated  to  diode  geometry  and  doping  level.  In  this  section,  the  damage 
characteristics  of  standard  reference,  enclosed  reference,  and  diffu¬ 
sion  spike  diodes  are  discussed.  These  characteristics  were  determined 
for  the  group  of  1500  diodes  described  previously  In  the  voltage 
threshold  tests. 
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N-REGION  LENGTH  (jim) 


?ig.  51.  Breakdown  voltage  versus  n-region  length 
for  standard  reference  and  enclosed  reference  diodes  on 
Wafer  2-4.  Error  bars  show  one  standard  deviation  above 
and  below  the  mean. 
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?ig.  52.  Breakdown  voltage  versus  n-region  length 
for  standard  reference  and  enclosed  reference  diodes  on 
Wafer  1-3.  Error  bars  show  one  standard  deviation  above 
and  below  the  mean.  The  plus  sign  indicates  that  some 
diodes  could  not  be  burned  out  at  the  maximum  amplitude 
of  the  pulse  generator. 
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N-REGION  LENGTH  (vim) 


Pig.  53.  Breakdown  voltage  versus  n-region  length 
for  standard  reference  and  enclosed  reference  diodes  on 
Wafer  2-2.  Error  bars  show  one  standard  deviation  above 
and  below  the  mean. 


N-RSGION  LENGTH  (fim) 


Pig.  54.  Breakdown  voltage  versus  n-region  length 
for  standard  reference  and  enclosed  reference  diodes  on 
Wafer  2-1 .  Error  bars  show  one  standard  deviation  above 
and  below  the  mean. 
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Damage  morphology  from  diodes  of  Wafers  2-4  and  1-3  for  standard 
reference,  p+n  spike,  and  metal -p+  contact  spike  structures  are  shown 
in  Fig.  55.  Each  group  contains  eight  diodes.  The  diode  on  the  right 
side  of  Fig.  55a  with  the  longest  n-region  length  (100  ym)  was  pulsed 
repeatedly  after  the  damaging  filament  had  formed  to  demonstrate  the 
progressive  damage  that  occurs  with  continued  excitation.  Damage  of 
this  extent  would  have  occurred  for  most  of  the  diodes  shown  in  Fig.  55 
on  the  failure  pulse  if  current  had  not  been  limited  by  a  1  kli  resis¬ 
tor.  Figure  55  shows  that  the  amount  of  damage  tends  to  increase  as 
the  n-region  length  increases,  often  extending  into  the  p+  and  n+  areas 
for  the  100  ym  n-region  length.  Sometimes  portions  of  the  melt  fila¬ 
ment  are  vaporized. 

The  locations  of  filaments  were  investigated  statistical ly  by  mea¬ 
suring  filament  endpoints  on  the  p+n  and  n+n  junctions  for  all  of  the 
diodes  in  the  voltage  threshold  tests.  Part  of  these  data  were  then 
plotted  in  Figs.  56-60,  and  in  Fig.  66. 

Figure  56  shows  the  filament  locations  for  diodes  on  Wafer  2-5. 
Approximately  three  hundred  diodes  are  represented  on  this  diagram. 

Each  line  connects  the  endpoints  of  the  filament  which  destroyed  a  sin¬ 
gle  diode.  Numbers  on  the  diagram  indicate  the  number  of  diodes  with 
filaments  at  a  particular  location.  The  first  column  shows  filament 
locations  for  standard  reference  diodes.  The  second,  third,  and  fourth 
columns  show  filament  locations  for  enclosed  reference,  p+n  spike,  and 
n+n  spike  diodes,  respectively.  Each  row  contains  diodes  of  the  same 
n-region  length,  with  rows  1,  2,  3,  and  4  (top  to  bottom)  having  n- 
region  lengths  of  10,  30,  100,  and  300  ym,  respectively. 
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Fig.  55.  Damage  morphology  due  to  10  ps  pulses 
haring  amplitudes  just  above  the  damage  threshold.  All 
photographs  except  one  (the  diode  in  part  (a)  on  the 
right  with  the  longest  n-region  length)  were  taken  after 
a  single  damaging  pulse,  (a)  Standard  reference  diodes 
on  Wafer  2-4.  (b)  Standard  reference  diodes  on  Wafer  1-3 

(c)  p*n  spike  diodes  on  Wafer  2-4.  (d)  p  n  spike  diodes 

on  Wafer  1-3.  (e)  Metal-p  spike  diodes  on  Wafer  2-4. 

(f)  Metal-p*  spike  diodes  on  Wafer  1-3. 


159 


In  two  diodes  of  Fig.  56  a  melt  filament  did  not  form,  but  the 
metallization  was  damaged.  This  does  not  necessarily  damage  the  p+n 
junction,  and  may  be  evident  only  as  an  increased  n-region  resistance 
under  forward  bias.  The  two  diodes,  having  the  standard  reference 
structure  and  n-region  lengths  of  300  ym,  are  indicated  by  "2M"  on  the 
diagram. 

The  filament  locations  shown  in  Fig.  56  were  obtained  from  diodes 
with  four  different  n-region  widths:  30,  50,  100,  and  200  ym.  The 
filaments  were  drawn  at  their  relative  positions  along  the  p+n  and  n+n 
junctions.  For  the  enclosed  reference  diodes,  wherein  the  protruding 
p+n  and  n+n  contacts  reduce  the  effective  junction  width,  filaments 
were  drawn  relative  to  their  positions  along  the  protrusions.  Each  of 
the  sixteen  schematic  diodes  in  Fig.  56  shows  filament  locations  for 
all  four  n-region  widths,  in  approximately  equal  proportions.  Thus, 
the  diode  width  in  Fig.  56  is  not  significant.  Not  enough  data  were 
taken  in  these  tests  to  discuss  width  effects,  if  any,  in  a  statisti¬ 
cally  meaningful  manner. 

There  Is  one  other  qual ification  concerning  Fig.  56.  The  data  on 
standard  reference  diodes  of  Fig.  56  include  filament  locations  for 
both  standard  reference  and  contact  spike  diodes,  since  the  contact 
spikes  had  no  observable  effect  on  the  n-region  filament  locations,  I-V 
characteristics,  waveforms,  or  current  configurations.  There  is  an  ap¬ 
parent  grouping  of  the  standard  reference  filaments  on  a  particular 
side  of  the  diode,  which  alternates  from  left  to  right  as  n-region 
length  increases.  This  same  grouping  was  observed  separately  for  stan¬ 
dard  reference  and  contact  spike  diodes,  in  approximately  the  same  de- 
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gree  of  importance.  Since  the  contact  spike  is  located  on  the  right 
side  of  the  diode  for  each  n-region  length  (in  the  same  horizontal  po¬ 
sition  as  the  diffusion  spikes),  the  grouping  of  the  filaments  is  pro¬ 
bably  not  related  to  the  probe  positions  on  the  metallization  contacts. 
Although  it  is  possible  that  a  systematic  bias  was  introduced  by  the 
method  of  probe  positioning,  no  such  bias  was  suspected  while  the  ex¬ 
periments  were  being  performed. 

It  should  be  mentioned  that  filaments  in  contact  spike  diodes  were 
frequently  observed  to  extend  to  the  metal  1 ization  spike  for  the  longer 
n-region  lengths.  However,  the  direction  of  the  filament  in  the  n- 
region  usually  made  an  angle  with  the  direction  in  the  highly  doped  re¬ 
gion,  suggesting  that  the  contact  spike  had  little  effect  prior  to 
second  breakdown.  An  example  of  this  behavior  is  shown  in  Fig.  55e, 
for  metal-p+  contact  spike  diodes  on  Wafer  2-4  with  n-region  lengths  of 
30  and  100  urn.  The  spike  is  located  on  the  upper  right  side  of  the  30 
urn  n-region  length  diodes,  and  on  the  lower  right  side  of  the  100  ym  n- 
region  length  diodes.  The  filaments  extend  to  the  metal -p+  spike  for 
three  of  the  diodes  with  n-region  lengths  of  100  ym.  These  diodes  have 
the  three  shorter  n-region  widths. 

The  enclosed  reference  diodes  in  Fig.  56  have  randomly  distributed 
filaments  for  n-region  lengths  of  10  and  30  ym,  but  one  endpoint  of  the 
filament  tends  to  occur  on  the  corner  of  the  p+n  junction  for  longer 
n-region  lengths.  There  appears  to  be  some  correspondence  between  the 
grouping  of  the  standard  and  enclosed  reference  diode  filaments.  The 
reason  for  this  grouping  is  not  known. 
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The  5  um  diffusion  spikes  in  Fig.  56  are  difficult  to  see  because 
they  are  drawn  to  scale.  However,  diffusion  spikes  have  an  important 
effect  even  if  they  are  short  compared  to  the  n-region  length.  In  Fig. 
56,  all  of  the  filaments  in  the  p+n  spike  diodes  have  one  endpoint  at 
the  tip  of  the  spike.  These  filaments  (initially  hot  spots)  almost  al¬ 
ways  start  at  the  p+n  junction  and  grow  toward  the  n+n  junction  on  Waf¬ 
er  2-5,  regardless  of  diode  geometry.  In  observations  of  over  three 
hundred  diodes  on  Wafer  2-5,  a  hot  spot  originated  on  the  n+n  junction 
in  only  one  instance.  Most  of  the  filaments  in  n+n  spike  diodes  have 
one  endpoint  at  the  tip  of  the  spike  for  n-region  lengths  of  10,  30, 
and  100  um.  Some  of  the  n+n  spike  diodes  with  an  n-region  length  of 
300  pm  also  have  filament  endpoints  at  the  tip  of  the  spike.  Thus, 
both  types  of  diffusion  spikes  are  effective  in  localizing  the  current 
distribution  at  the  second  breakdown  threshold.  At  the  longest  n- 
region  length,  p+n  spikes  are  more  effective  than  n+n  spikes. 

The  effect  of  the  n-region  doping  level  on  energy  and  voltage 
failure  thresholds  has  been  described  previously.  The  role  of  n-region 
doping  level  on  filament  locations  was  also  investigated.  Figure  57 
shows  filament  locations  on  Wafer  2-4.  This  diagram  is  similar  to  Fig. 
56,  except  that  the  vertical  scale  has  been  expanded,  and  only  diodes 
with  n-region  lengths  of  10,  30,  and  100>i'm  are  shown. 

The  filaments  in  standard  reference  diodes  of  Fig.  57  exhibit  the 
same  tendency  to  be  grouped  on  a  particular  side  of  the  diode  as  the 
corresponding  diodes  in  Fig.  56.  In  addition,  all  of  the  filaments  in 
diffusion  spike  diodes  in  Fig.  57  have  one  endpoint  at  the  tip  of  the 
spike.  The  only  significant  difference  between  Fig.  56  and  Fig.  57  is 
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Fig.  57.  Filament  locations  on  Wafer  2-4.  The 
n-region  lengths  of  the  above  three  rows  are,  from  top  to 
bottom,  10,  30,  and  100  pm.  The  p  and  n+  region  locations 
are  similar  for  all  diodes  in  a  given  row. 


in  the  locations  of  filaments  in  enclosed  reference  diodes.  The  influ¬ 


ence  of  junction  corners  in  determining  filament  locations  is  not  as 
strong  in  Fig.  56  as  in  Fig.  57.  Filaments  in  enclosed  reference  di¬ 
odes  of  Fig.  57  tend  to  have  endpoints  on  both  the  p+n  and  n+n  junction 
corners  for  n-region  lengths  of  30  and  100  pm.  In  general,  however, 
the  filament  locations  in  Fig.  56  and  Fig.  57  are  very  similar.  Thus, 
filament  locations  are  insensitive  to  doping  level  in  the  range  between 

the  two  highest  nominal  doping  densities. 

-  • 

However,  there  is  a  transition  between  the  two  higher  and  the 
three  lower  doping  levels,  as  illustrated  in  Fig.  55.  Comparison  of 
the  filament  locations  in  standard  reference,  p+n  diffusion  spike,  and 
metal -p+  contact  spike  diodes  on  Wafers  2-4  and  1-3  shows  that  a  sig¬ 
nificant  number  of  filaments  lie  along  the  diode  edges  for  diodes  on 
Wafer  1-3.  Thus,  the  diode  edges  have  an  important  effect  in  determin¬ 
ing  filament  locations  at  the  lower  doping  density.  This  is  discussed 
in  more  detail  below. 

The  filament  locations  in  Wafers  1-3,  2-2,  and  2-1  are  shown  in 
Figs.  58,  59,  and  60,  respectively.  These  three  wafers  all  display 
similar  damage  characteristics  and  are  discussed  together.  Some  of  the 
longest  diodes  on  Fig.  58  could  not  be  destroyed  at  the  maximum  ampli¬ 
tude  setting  of  the  Velonex  pulser;  the  number  of  such  diodes  is  shown 
on  the  diagram  followed  by  a  question  mark. 

The  diode  edges  have  an  important  effect  in  each  of  Figs.  58-60. 
Most  of  the  filaments  in  standard  reference  diodes  are  along  either  the 
left  or  the  right  edge  of  the  diode,  for  all  three  n-region  lengths. 

In  a  few  cases,  the  filaments  are  close  to,  but  not  along,  the  diode 
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Pig.  58.  Filament  locations  on  Wafer  1-3.  The 
n-region  lengths  of  the  above  three  rows  are,  from  top  to 
bottom,  10,  30,  and  100  pm.  The  p  and  n+  region  locations 
are  similar  for  all  diodes  in  a  given  row. 
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Pig.  60.  Filament  locations  on  Wafer  2-1.  The 
n-region  lengths  of  the  above  three  rows  are,  from  top  to 
bottom,  10,  30,  and  100  nm.  The  p  and  n+  region  locations 
are  similar  for  all  diodes  in  a  given  row. 


edges.  The  p+n  and  n+n  spikes  still  play  an  important  role  in  deter¬ 
mining  filament  location,  but  this  role  is  modified  by  edge  effects  for 
n- region  lengths  of  30  and  100  pm. 

The  damage  morphology  is  actually  more  complicated  than  the  sim¬ 
plified  diagrams  of  Figs.  58-60  because  these  diagrams  do  not  plot  the 
paths  of  the  filaments  between  their  endpoints.  For  example,  the  fila¬ 
ment  starts  at  a  diffusion  spike,  goes  to  the  diode  edge,  and  runs 
along  the  edge  to  the  opposite  junction.  Filaments  in  enclosed  ref¬ 
erence  diodes  sometimes  divide  into  three  fairly  straight  sections,  two 
connecting  the  junction  corners  with  the  diode  edge  and  the  third  runn¬ 
ing  along  the  diode  edge.  Thus,  diode  edges  have  an  important  effect 
in  standard  reference,  enclosed  reference,  and  diffusion  spike  diodes. 

A  possible  explanation  for  this  edge  preference  is  that  the  processing 
steps  cause  an  increase  in  conductivity  along  the  diode  edge.  Proper¬ 
ties  that  distinguish  the  edges  from  the  remainder  of  the  silicon 
island  include  heat  sinking,  electrical  conductivity,  diffusion  proper¬ 
ties,  defects  in  the  oxide  layer  (characteristic  of  silicon- 
on-sapphire  technology)  and  the  orientation  of  the  silicon  surface  ex¬ 
posed  to  the  oxide  layer44,46,47,51#  N0t  enough  data  were  taken  to  at¬ 
tempt  to  correlate  filament  locations  with  voltage  thresholds.  No  ob¬ 
vious  correlation  exists  between  low  threshold  and  edge  damaging  fila¬ 
ment. 

In  summary,  both  junction  corners  and  diffusion  spikes  have  an  im¬ 
portant  influence  in  determining  filament  locations  for  all  five  nomi¬ 
nal  doping  densities.  The  diode  edges  exert  an  additional  Influence 
for  the  three  lower  nominal  doping  densities. 
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4.  Multiple  Spike  Diodes 

The  comparison  of  standard  reference  and  diffusion  spike  diodes 
has  so  far  been  concerned  with  single  spikes,  5  pm  in  length,  located 
about  1/4  of  the  way  from  the  diode  edge.  Heating  pattern,  voltage 
threshold,  and  filament  location  tests  were  also  performed  using  multi¬ 
ple  spike  diodes,  with  spikes  varying  in  length  from  1  to  8  urn,  and 
with  n-region  lengths  of  10,  30,  and  100  pm.  The  voltage  threshold 
tests  were  conducted  for  both  types  of  diffusion  spikes,  on  four  diffe¬ 
rent  wafers.  Heating  patterns  and  filament  locations  were  investigated 
on  Wafer  2-5.  Energy  and  current  thresholds  were  not  determined.  How¬ 
ever,  both  energy  and  current  thresholds  have  been  described  for  diodes 
with  no  spikes  and  diodes  with  5  um  spikes. 

Figure  61  shows  reverse  bias  tests  of  three  p+n  multiple  spike  di¬ 
odes  on  Wafer  2-5.  The  n-region  lengths  of  these  diodes  are  10,  30, 
and  100  pm,  from  top  to  bottom.  The  diodes  each  have  three  large 
spikes,  4  urn  in  length,  on  a  continuous  background  of  1  pm  spikes.  The 
diodes  have  a  common  width  of  200  pm.  Current  and  voltage  waveforms 
are  shown  to  the  right  of  the  heating  patterns.  All  three  diodes  are 
close  to  their  second  breakdown  thresholds. 

In  each  diode  of  Fig.  61,  the  heating  is  fairly  uniform  in  the  n- 
region,  and  also  along  the  continuous  background  of  1  um  spikes.  How¬ 
ever,  there  are  three  hot  spots  at  the  tips  of  the  three  large  diffu¬ 
sion  spikes.  The  amplitudes  of  the  current  and  voltage  waveforms,  and 
the  current  interval  between  formation  of  hot  spots  and  second  break¬ 
down,  are  similar  to  those  of  diodes  having  a  single  p+n  spike  with 
corresponding  geometry  and  doping  level.  If  the  current  level  is  in- 
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Pig.  61.  Reverse  bias  tests  of  three  p+n  multiple 
spike  diodes  on  Wafer  2-5.  The  n-region  lengths  are, 
from  top  to  bottom,  10,  30,  and  100  pm.  Voltage  (upper 
trace)  and  current  (lower  trace)  waveforms  are  shown  for 
each  case. 
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creased  sufficiently,  one  of  the  hot  spots  extends  all  the  way  across 
the  n- region  and  a  melt  filament  forms,  damaging  the  diode.  This  be¬ 
havior  is  also  typical  of  p+n  spike  diodes  with  spike  lengths  from  2  to 
8  ym.  Hot  spots  do  not  form  at  regular  positions  along  the  junctions 
of  p+n  multiple  spike  diodes  having  only  the  continuous  background  of 
1  ym  spikes. 

The  behavior  of  n+n  multiple  spike  diodes  is  similar  to  that  of 
diodes  with  a  single  n+n  spike.  The  heating  pattern  is  generally  very 
uniform  until  the  diode  is  close  to  the  second  breakdown  threshold. 
Usually,  only  a  single  hot  spot  forms  prior  to  second  breakdown,  al¬ 
though  multiple  hot  spots  have  been  observed  in  a  few  cases.  This  hot 
spot  tends  to  be  located  opposite,  or  nearly  opposite,  one  of  the  three 
large  diffusion  spikes.  If  the  pulse  amplitude  is  increased  slightly, 
the  hot  spot  extends  all  the  way  across  the  n-region,  usually  to  the 
tip  of  the  spike,  and  a  melt  filament  forms,  damaging  the  diode. 

Thus,  each  of  the  three  large  diffusion  spikes  in  p+n  multiple 
spike  diodes  serves  as  a  concentration  center  for  the  current.  How¬ 
ever,  n+n  multiple  spike  diodes  tend  to  behave  as  diodes  having  only  a 
single  n+n  spike. 

Plots  of  voltage  failure  thresholds  of  multiple  spike  structures 
versus  spike  length  were  made  for  four  of  the  five  nominal  doping  den¬ 
sities.  Oata  on  diodes  from  Wafer  2-5  are  shown  in  Fig.  62  for  p+n 
multiple  spike  diodes  (solid  circles)  and  n+n  multiple  spike  diodes 
(open  circles).  The  diodes  have  n-region  lengths  of  10,  30,  and  100 
urn.  Each  point  is  the  average  of  eight  measurements;  error  bars  show 
one  standard  deviation  above  and  below  the  mean.  For  a  spike  length  of 
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Fig.  62.  Breakdown  voltage  versus  spike  length  for 
multiple  diffusion  spike  diodes  on  Wafer  2-5.  The  n-region 
lengths  for  the  top,  middle,  and  bottom  curves  are  100, 

30,  and  10  vun,  respectively.  Each  point  is  the  average 
of  eight  diodes;  error  bars  show  the  standard  deviation 
of  the  eight  measurements.  The  minus  sign  indicates 
that  some  diodes  were  burned  out  at  the  minimum  amplitude 
of  the  pulse  generator. 


8  ym  and  an  n-reglon  length  of  10  ym,  some  of  the  diodes  failed  at  the 
minimum  amplitude  setting  of  the  Velonex  pulser.  When  this  occurred, 
the  minimum  setting  was  taken  as  the  failure  voltage.  The  spike 
lengths  of  2,  4,  and  8  ym  represent  three  large  spikes  on  a  continuous 
background  of  1  ym  spikes.  The  spike  length  of  1  ym  represents  only 
the  continuous  background  of  1  ym  spikes.  Voltage  failure  thresholds 
of  diodes  with  no  spikes  along  the  junction  are  also  shown  on  this  dia¬ 
gram,  plotted  as  a  spike  length  of  0  ym.  All  of  the  multiple  spike  di¬ 
odes  have  a  constant  width  of  200  ym. 

The  dependence  of  voltage  failure  thresholds  on  n- region  length  is 
similar  for  multiple  and  single  diffusion  spike  diodes.  Examination  of 
the  data  in  Tables  8-12  shows  that  multiple  spike  diodes  with  spike 
lengths  of  4  ym  fall  at  voltages  which  are  close  to  those  of  corre¬ 
sponding  diodes  with  a  single  5  ym  spike.'  Since  plots  of  voltage  fail¬ 
ure  thresholds  versus  n-region  length  for  single  diffusion  spike  diodes 
were  described  In  Section  V.F.2. ,  similar  plots  for  multiple  spike  di¬ 
odes  are  not  presented.  The  relative  importance  of  the  type  of  diffu¬ 
sion  spike,  and  of  spike  length  on  voltage  failure  thresholds  will  be 
examl ned . 

For  a  10  ym  n-reglon  length  there  Is  a  significant  decrease  in 
voltage  failure  thresholds  with  increasing  spike  length  for  both 
types  of  multiple  spike  diodes.  The  depletion  width  is  about  3  ym  for 
the  doping  level  of  Wafer  2-5,  so  that  punchthrough  occurs  at  the  site 
of  the  8  ym  spike  for  10  urn  n-reglon  length.  The  voltage  threshold  de¬ 
creases  slightly  with  Increasing  spike  length  for  30  and  100  ym  n- 
region  lengths.  However,  the  voltage  failure  thresholds  of  n+n 
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multiple  spike  diodes  with  different  spike  lengths  are  statistically 
the  same  for  constant  n- region  lengths  of  30  and  100  yin.  Figure  62  in¬ 
dicates  that  p+n  multiple  spikes  are  more  effective  than  n+n  multiple 
spikes  In  reducing  the  voltage  failure  thresholds  on  Wafer  2-5. 

The  voltage  failure  thresholds  of  multiple  spike  diodes  on  Wafer 
2-4  are  plotted  versus  diffusion  spike  length  in  Fig.  63.  This  diagram 
is  similar  to  Fig.  62  except  that  individual  points  represent  an  ave¬ 
rage  of  three  measurements,  instead  of  eight.  Error  bars  show  the  max¬ 
imum  and  minimum  of  the  three  measurements.  Diodes,  with  10  ym  n- 
reglon  length  and  8  ym  spikes,  were  burned  out  at  the  minimum  amplitude 
setting  of  the  Velonex  pulser  in  Figs.  63,  64,  and  65. 

The  voltage  failure  thresholds  of  p+n  and  n+n  multiple  spike  di¬ 
odes  are  approximately  equal  for  n-region  lengths  of  10,  30,  and  100 
ym,  except  for  one  condition.  There  Is  a  significant  difference  be¬ 
tween  the  two  for  the  100  ym  n-reglon  length  when  the  spike  length  is  8 
ym.  The  voltage  failure  thresholds  of  p+n  and  n+n  multiple  spike  di¬ 
odes  have  overlapping  ranges  for  all  spike  sizes,  for  10  and  30  ym  n- 
reglon  lengths.  The  n+n  multiple  spikes  are  slightly  more  effective 
than  p+n  multiple  spikes  in  reducing  the  voltage  failure  thresholds  of 
diodes  on  Wafer  2-4.  On  Wafer  2-5,  p+n  multiple  spikes  were  found  to 
be  more  effective  than  n+n  multiple  spikes  in  reducing  voltage  failure 
thresholds.  Single  p+n  spikes  were  also  more  effective  than  single  n+n 
spikes  in  reducing  the  voltage  failure  thresholds  on  Wafer  2-5,  while 
the  reverse  was  true  on  Wafer  2-4,  as  shown  In  Figs.  44  and  45. 

The  voltage  failure  thresholds  of  diodes  on  Wafers  1-3  and  2-2  are 
plotted  versus  diffusion  spike  length  in  Figs.  64  and  65,  respectively. 
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SPIKE  LENGTH  (pm) 


Pig.  63.  Breakdown  voltage  versus  spike  length  for 
multiple  diffusion  spike  diodes  on  Wafer  2-4.  The  n-region 
lengths  for  the  top,  middle,  and  bottom  curves  are  100, 

30,  and  10  urn,  respectively.  Each  point  is  the  average 
of  three  diodes;  error  bars  show  the  maximum  and  minimum 
of  the  three  measurements. 
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SPIKE  LENGTH  (urn) 


Pig.  64.  Breakdown  voltage  versus  spike  length  for 
multiple  diffusion  spike  diodes  on  Wafer  1-3.  The  n-region 
lengths  for  the  top,  middle,  and  bottom  curves  are  100, 

30,  and  10  pm,  respectively.  Each  point  is  the  average 
of  three  diodes;  error  bars  show  the  maximum  and  minimum 
of  the  three  measurements. 


176 


Fig.  65.  Breakdown  voltage  versus  spike  length  for 
multiple  diffusion  spike  diodes  on  Wafer  2-2.  The  n-region 
lengths  of  the  top,  middle,  and  bottom  curves  are  100,  30, 
and  10  pm,  respectively.  Each  point  is  the  average  of 
three  diodes;  error  bars  show  the  minimum  and  maximum  of 
the  three  measurements. 
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Overall  features  are  similar  to  those  of  Fig.  63.  The  n+n  spikes  tend 
to  lower  voltage  thresholds  more  than  p+n  spikes  at  n-reglon  lengths  of 
30  and  100  urn.  However,  the  wide  spread  In  portions  of  the  data  pre¬ 
clude  stronger  conclusions. 

In  summary,  increasing  spike  height  decreases  voltage  thresholds 
by  amounts  that  depend  upon  n-reglon  length,  doping  level,  and  junction 
containing  the  spikes.  The  voltage  failure  thresholds  of  p+n  and  n+n 
multiple  spike  diodes  for  10  pm  n-region  length  decrease  with  increas¬ 
ing  spike  length  for  all  doping  densities,  and  p+n  and  n+n  spikes  lower 
the  thresholds  by  the  same  amounts  for  the  same  size  spikes.  For  100 
pm  n-reglon  length,  p+n  spikes  lower  the  voltage  threshold  more  than 
n+n  spikes  for  the  highly  doped  diodes  of  Wafer  2-5,  while  the  reverse 
Is  true  for  the  more  lightly  doped  diodes  of  Wafers  2-4,  1-3,  and  2-2. 
At  the  Intermediate  n-reglon  length  of  30  pm,  the  same  reversal  occurs, 
but  after  the  doping  density  becomes  less  than  that  of  Wafer  2-4.  Mul¬ 
tiple  spikes  lower  the  thresholds,  for  a  given  spike  size,  doping 
level,  and  n-reglon  length,  by  the  same  amount  as  does  a  single  spike. 

Filament  locations  In  both  p+n  and  n+n  multiple  spike  diodes,  with 
three  different  n-reglon  lengths,  were  Investigated  on  Wafer  2-5,  but 
not  on  other  wafers.  These  data  were  obtained  during  the  voltage 
threshold  tests  described  previously  and  are  shown  In  Fig.  66.  The 
first  column  shows  diodes  with  a  continuous  background  of  1  urn  spikes, 
while  the  second  through  fourth  columns  show  diodes  with  three  larger 
spikes  on  a  continuous  background  of  1  pm  spikes.  The  lengths  of  the 
three  larger  spikes  are  2,  4,  and  8  pm,  for  the  second,  third,  and 
fourth  columns,  respectively.  The  upper  three  rows  show  p+n  multiple 
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spike  diodes  with  n-region  lengths  of  10,  30,  and  100  ym,  while  the 
lower  three  rows  show  the  corresponding  n+n  multiple  spike  diodes.  The 
n-region  length- to-width  ratio,  and  the  relative  sizes  of  the  diffusion 
spikes,  are  drawn  to  scale  for  each  of  the  schematic  diodes  in  Fig.  66. 
As  in  previous  filament  location  diagrams,  numbers  above  the  lines  in¬ 
dicate  the  number  of  diodes  with  a  melt  filament  at  a  particular  loca¬ 
tion.  Data  on  approximately  200  diodes  are  represented  in  Fig.  66. 

The  p+n  multiple  spikes  are  very  effective  In  influencing  filament 
locations  in  Wafer  2-5.  All  of  the  filaments  in  p+n  multiple  spike  di¬ 
odes  with  spike  lengths  of  2,  4,  and  8  urn,  except  one,  have  one  end¬ 
point  at  the  tip  of  one  of  the  three  large  spikes.  In  most  cases,  the 
filaments  are  perpendicular  to  the  diode  width.  The  filaments  in  p+n 
multiple  spike  diodes  with  only  a  continuous  background  of  1  ym  spikes 
are  located  in  more  or  less  random  positions. 

The  n+n  multiple  spikes  in  Wafer  2-5  also  Influence  filament  loca¬ 
tions,  but  they  are  not  as  effective  as  p+n  multiple  spikes.  Most  of 
the  filaments  In  n+n  multiple  spike  diodes  with  spike  lengths  of  4  and 
8  ym  have  one  endpoint  at  the  tip  of  one  of  the  three  large  spikes. 
However,  only  half  of  the  filaments  In  diodes  with  a  spike  length  of  2 
ym  have  an  endpoint  at  one  of  the  three  large  spikes,  for  n-region 
lengths  of  30  and  100  ym.  The  filaments  in  n+n  multiple  spike  diodes 
with  only  a  continuous  background  of  1  ym  spikes  are  located  in  random 
positions  along  the  junctions. 

Thus,  p+n  multiple  spikes  are  effective  In  influencing  filament 
locations  at  spike  lengths  of  2,  4,  and  8  ym,  and  n-region  lengths  of 
10,  30,  and  100  ym.  Multiple  spikes  on  the  n+n  junction  influence 


filament  locations,  but  50%  of  the  melt  filaments  occur  elsewhere  in 
multiple  spike  diodes  with  spike  lengths  of  2  um,  and  n-region  lengths 
of  30  and  100  pm. 

G.  Radius  of  Curvature  Diodes 

This  section  describes  heating  pattern,  voltage  threshold,  and 
filament  location  tests  performed  on  diodes  with  curved  p+n  and  n+n 
junctions.  Heating  patterns  were  observed  on  Wafer  2-5,  while  voltage 
thresholds  and  filament  locations  were  investigated  for  each  of  the 
five  nominal  doping  densities. 

The  heating  patterns  close  to  the  second  breakdown  threshold  of 
three  radius  of  curvature  diodes  on  Wafer  2-5  under  reverse  bias  are 
shown  in  Fig.  67.  Each  diode  has  a  width  of  200  um,  and  a  minimum  sep¬ 
aration  between  the  p+n  and  n+n  junctions  of  100  pm.  For  the  p+n  junc¬ 
tions,  curvatures  are,  from  top  to  bottom,  5,  10,  and  30  urn.  The  cur¬ 
rent  and  voltage  waveforms  were  obtained  with  constant  current  pulses, 
and  are  shown  to  the  right  of  the  heating  pattern  photographs. 

A  single  hot  spot  is  found  in  each  of  the  three  heating  pattern 
photographs  at  a  point  on  the  p+n  junction  where  the  p+n  and  n+n  junc¬ 
tions  are  separated  by  a  minimum  distance.  The  hot  spots  in  each  of 
the  three  diodes  are  similar,  indicating  that  the  radius  of  curvature 
of  the  p+n  junction  does  not  have  a  significant  effect  on  either  the 
hot  spot  shape  or  size.  The  heating  patterns  in  Fig.  67  also  show  that 
current  concentrates  near  the  n+n  junction,  in  the  vicinity  of  the 
point  where  It  Is  closest  to  the  p+n  junction.  Observations  of  other 
diodes  with  varying  radii  of  curvature  and  n-reglon  lengths  show  that 
hot  spots  always  form  at  the  point  of  minimum  separation  between  the 
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Pig,  67.  Reverse  bias  tests  of  three  radius  of 
curvature  diodes  on  Wafer  2-5.  Each  diode  has+a  width+of 
200  pm,  and  a  minimum  separation  between  the  p  n  and  n  n 
junctions  of  100  \m.  The  p  n  junction  curvatures  are, 
from  top  to  bottom,  5,  10,  and  30  m.  Voltage  (upper 
trace)  and  current  (lower  trace)  waveforms  are  shown  for 
each  case. 
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two  junctions,  and  that  there  are  never  multiple  hot  spots.  Thus,  the 
radius  of  curvature  geometry  is  very  effective  in  localizing  the  cur¬ 
rent  distribution  near  the  second  breakdown  threshold.  The  voltage  and 
current  waveform  pairs  in  Fig.  67  are  fairly  similar,  indicating  the 
diode  current,  voltage,  and  energy  failure  thresholds  are  independent 
of  p+n  junction  curvature  in  the  range  considered.  However,  current 
and  energy  thresholds  were  not  measured. 

The  voltage  failure  thresholds  of  standard  reference  and  radius  of 
curvature  diodes  on  Wafers  2-5  and  2-4  are  shown  in  Figs.  53  and  69, 
respectively.  The  minimum  separation  between  the  p+n  and  n+n  junctions 
was  taken  as  the  n-region  length  for  radius  of  curvature  diodes.  The 
individual  points  showing  voltage  failure  thresholds  of  radius  of 
curvature  diodes  are  averages  of  approximately  nine  measurements,  rep¬ 
resenting  three  different  radii  of  the  p+n  junction.  The  measurements 
of  voltage  failure  thresholds  in  standard  reference  diodes  have  been 
described  previously. 

The  general  behavior  observed  in  Figs.  68  and  69  is  similar,  so 
these  diagrams  are  discussed  together.  The  voltage  failure  thresholds 
of  standard  reference  and  radius  of  curvature  diodes  are  very  close  for 
n-region  lengths  of  10  and  30  urn,  indicating  that  junction  curvature 
does  not  cause  a  major  reduction  in  the  voltage  failure  thresholds  of 
these  diodes.  However,  the  voltage  failure  thresholds  of  radius  of 
curvature  diodes  with  an  n-region  length  of  100  urn  are  significantly 
less  than  those  of  corresponding  standard  reference  diodes. 

The  voltage  failure  thresholds  of  standard  reference  and  radius  of 
curvature  diodes  on  Wafers  1-3,  2-2,  and  2-1  are  shown  in  Figs.  70-72, 
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?ig.  69.  Breakdown  voltage  versus  n-region  length 
f or  standard  reference  and  radius  of  curvature  diodes  on 
Wafer  2-4.  Error  bars  show  one  standard  deviation  above 
and  below  the  mean. 
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?ig.  70.  Breakdown  voltage  versus  n-region  length 
for  standard  reference  and  radius  of  curvature  diodes  on 
Wafer  1-3.  Error  "bars  show  one  standard  deviation  above 
and  below  the  mean.  The  plus  sign  indicates  that  some 
diodes  could  not  be  burned  out  at  the  maximum  amplitude 
of  the  pulse  generator. 
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Pig.  71.  Breakdown  voltage  versus  n-region  length 
for  standard  reference  and  radius  of  curvature  diodes  on 
Wafer  2-2.  Error  bars  show  one  standard  deviation  above 
and  below  the  mean. 
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Pig.  72.  Breakdown  voltage  versus  n-region  length 
for  standard  reference  and  radius  of  curvature  diodes  on 
Wafer  2-1 .  Error  bars  show  one  standard  deviation  above 
and  below  the  mean. 
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respectively.  The  electrical  characteristic  of  these  wafers  are  simi¬ 
lar,  as  in  previous  tests,  so  they  are  discussed  together. 

There  is  no  significant  difference  between  the  voltage  failure 
thresholds  of  standard  reference  and  radius  of  curvature  diodes  for  any 
of  the  three  n-reglon  lengths  shown  In  Figs.  70-72.  Thus,  the  radius 
of  curvature  geometry  does  not  have  a  major  effect  In  reducing  the  vol¬ 
tage  failure  thresholds  of  diodes  with  the  three  lower  nominal  doping 
densities. 

Filament  locations  were  determined  during  each  of  the  voltage 
threshold  tests  shown  In  Figs.  68-72.  Over  one  hundred  radius  of  curv¬ 
ature  diodes  were  tested,  representing  three  different  n-reglon 
lengths,  and  three  different  radii  of  curvature  of  the  p+n  junctions. 
The  filament  locations  were  so  consistent  that  there  was  no  need  to 
plot  them  In  filament  location  diagrams.  Filaments  were  located  along 
the  line  separating  the  p+n  and  n+n  junctions  by  the  minimum  distance; 
that  is,  along  the  line  connecting  the  centers  of  curvature  of  the  p+n 
and  n+n  junctions.  The  only  exceptions  to  this  rule  were  several  di¬ 
odes  which  failed  by  damage  to  the  aluminum  metallization.  No  fila¬ 
ments  went  along  the  edges  of  the  diodes  for  any  doping  level  In  the 
radius  of  curvature  structures.  Thus,  the  radius  of  curvature  geometry 
Is  very  effective  in  localizing  the  current  distribution  at  the  second 
breakdown  transition,  for  all  five  nominal  doping  densities. 

H.  Interdigltated  Diodes 

This  section  describes  the  heating  patterns  observed  In  diodes 
with  an  Interdigltated  geometry  on  Wafer  2-5.  These  diodes  were  de- 
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signed  to  simulate  the  cross  section  of  three-dimensional  interdigi- 
tated  junction  devices,  which  allow  Increased  device  current  while 
maintaining  relatively  low  current  densities.  A  non-symmetric  geometry 
implies  non-uniform  current  densities  even  at  low  stress  levels  and  al¬ 
so  a  greater  tendency  to  form  filaments  at  high  stress  levels. 

Waveforms  and  heating  patterns  of  two  interdigitated  diodes  under 
reverse  bias  are  shown  In  Fig.  73.  The  zero  bias  photograph  of  both 
diodes  Is  shown  in  Fig.  73a,  while  Fig.  73b  and  Fig.  73c  show  the  heat¬ 
ing  pattern  photographs  at  the  end  of  the  10  ps  constant  current 
pulses.  The  waveforms  corresponding  to  Fig.  73b  are  shown  in  Test  #1, 
and  those  corresponding  to  Fig.  73c  are  shown  in  Test  #2. 

In  the  interdigitated  diode  on  the  left  side  of  Fig.  73a,  the 
black  bar  on  the  left  side  of  the  diode  is  the  metallization  contact  to 
the  three  n+  regions,  while  the  second  bar  is  the  metallization  contact 
to  the  two  p+  regions.  The  large  vertical  rectangular  region  to  the 
right  of  the  metallizations  Is  the  n-region  of  the  diode,  having  a 
width  of  60  pm  and  a  length  of  430  pm.  The  n+  regions  extend  a  hori¬ 
zontal  distance  of  5  pm  into  the  n-reglon,  while  the  p+  regions  extend 
a  distance  of  10  pm.  Each  of  the  three  n+  regions  has  a  vertical 
length  Inside  the  n-reglon  of  30  pm.  The  two  p+  regions  have  vertical 
lengths  of  60  pm  inside  the  n-reglon.  The  two  diodes  in  Fig.  73a  are 
separated  by  a  horizontal  distance  of  20  pm. 

The  basic  difference  between  the  two  Interdigitated  diodes  is  the 
spacing  separating  the  p+  and  n+  regions.  This  distance  is  analogous 
to  the  n-reglon  length  In  other  types  of  diodes.  The  vertical  distance 
separating  the  p+  and  n+  regions  of  the  diode  on  the  left  side  of  Fig. 


Pig.  73.  Reverse  bias  tests  of  two  interdigitated 
diodes  on  Wafer  2-5.  (a)  Zero  bias  photograph  of  both 

diodes,  (b)  Heating  pattern  of  the  diode  in  test  #1, 
(c)  Heating  pattern  of  the  diode  in  test  #2. 
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73a  Is  20  ym,  while  It  Is  40  ym  for  the  diode  on  the  right.  The  n- 

region  of  the  diode  on  the  right  side  of  Fig.  73a  has  a  speckled  ap¬ 

pearance,  which  was  apparently  due  to  processing  and  observed  in  a  num¬ 
ber  of  Interdigitated  diodes  on  Wafer  2-5.  However,  It  had  no  apparent 
effect  on  device  performance. 

The  waveforms  and  heating  configurations  of  Fig.  73  were  obtained 
very  close  to  the  damage  threshold.  Heating  occurs  along  the  entire 

length  of  the  p+n  junctions  in  both  Fig.  73b  and  73c.  Hot  spots  are 

present  at  all  four  p+n  junction  corners  and  at  the  corners  of  the 
middle  n+n  junction  in  Fig.  73b  and  73c.  In  addition,  hot  spots  appear 
at  the  inside  corners  of  the  top  and  bottom  n+n  junctions  in  Fig.  73c. 
Thus,  the  highest  current  densities  occur  at  the  corners  of  the  p+n  and 
n+n  junctions,  where  field  concentration  and  minimal  n-region  length 
occur.  Melt  filaments  connect  the  corners  of  the  p+n  and  n+n  junctions 
at  all  five  nominal  doping  densities.  No  edge  effects  were  observed  in 
interdigitated  diodes. 

Comparison  of  Test  #1  and  Test  #2  shows  that  the  voltage  wave¬ 
form  corresponding  to  the  heating  pattern  of  Fig.  73c  is  slightly  larg¬ 
er  than  that  correspondi ng  to  Fig.  73b.  This  behavior  is  consistent 
with  previous  observations  relating  n-region  length  to  voltage  waveform 
amplitude.  However,  the  increase  is  not  as  large  as  expected,  based  on 
the  spacing  between  the  p+n  and  n+n  junctions  of  20  and  40  ym.  In  pre¬ 
vious  tests,  doubling  the  n-region  length  roughly  doubled  the  amplitude 
of  the  voltage  waveform  near  the  second  breakdown  threshold,  but  the 
amplitude  is  increased  only  about  25%  in  Fig.  73.  The  current  level  in 
Test  #2  is  about  15%  higher  than  that  in  Test  #1,  indicating  that  the 
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failure  energy  thresholds  of  the  two  diodes  are  not  greatly  different. 

Failure  thresholds  and  heating  patterns  of  interdigitated  diodes 
were  not  investigated  at  doping  densities  less  than  that  of  Wafer  2-5. 

I.  Special  Tests 

All  of  the  tests  described  previously  in  this  chapter  were  per¬ 
formed  under  reverse  bias,  and  fell  into  one  of  the  following  four 
categories:  heating  patterns,  energy  thresholds,  voltage  thresholds, 
and  damage  morphology.  This  section  describes  the  results  of  addi¬ 
tional  experiments:  three-dimensional  plots  of  diode  waveforms  corre¬ 
lated  with  heating  pattern  photographs,  analysis  of  a  waveform  surface, 
photographs  of  microplasma  emission,  heating  patterns  of  forward  biased 
diodes,  the  heating  pattern  in  a  four-terminal  structure,  measurements 
of  delay  time,  observation  of  a  hot  spot  on  a  reverse  biased  diode's 
n+n  junction,  and  temperature  measurements. 

1.  Waveform  Surfaces 

As  discussed  earlier  In  this  chapter,  current  and  voltage  wave¬ 
forms  are  not  very  useful  In  determining  the  onset  of  current  fllamen- 
tatlon.  However,  the  waveforms  can  be  used  to  compute  diode  impedance 
as  a  function  of  time,  and  this  quantity  is  sometimes  helpful  in  pre¬ 
dicting  the  onset  of  filament  formation  and  second  breakdown. 

In  order  to  Investigate  waveform  behavior  in  more  detail  and  cor¬ 
relate  waveforms  to  the  temperature  configurations,  a  group  of  diodes 
were  tested  over  a  wide  range  of  pulse  amplitudes  using  the  low  vol¬ 
tage,  constant  current  test  circuit  and  the  Tektronix  digital  waveform 
instrument.  The  graphics  capability  of  the  Tektronix  Instrument  was 
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used  to  display  the  waveform  data  in  a  three-dimensional  format,  with 
current,  voltage,  and  time  as  the  three  axes.  It  was  hoped  that  subtle 
changes  in  the  waveform  surface  would  provide  indications  of  the  onset 
of  filamentation,  approach  of  the  failure  threshold,  and  presence  of 
known  geometric  irregularities  (diffusion  spikes,  for  example). 

The  voltage  waveform  surface  of  a  reverse  biased  standard  refe¬ 
rence  diode  on  Wafer  2-5  subjected  to  10  us  constant  current  pulses  is 
shown  in  Fig.  74.  This  diode  has  an  n-region  length  of  30  urn  and  a 
width  of  200  urn.  A  zero  bias  photograph  is  shown  In  Fig.  74a,  while 
Figs.  74b-e  show  several  photographs  taken  during  the  test  sequence. 
Lines  extending  from  Figs.  74b-e  show  the  points  on  the  waveform  sur¬ 
face  at  which  the  photographs  were  taken.  Each  of  the  photographs  was 
taken  at  the  end  of  a  voltage  waveform,  with  the  same  number  of  flashes 
of  the  arc  lamp  (approximately  500).  Current  levels  corresponding  to 
the  photographs  in  Figs.  74b-e  are  listed  in  the  figure  caption. 

In  Fig.  74b  (Current  *  58  mA,  Average  Current  Density  *  7.3  x  108 
A/m2)  there  is  only  a  slight  amount  of  darkening  along  the  p+n  junction 

and  in  the  n-region.  However,  in  Fig.  74c  (I  *  72  mA,  Javg  =  9.0  x  108 

A/m2)  the  junction  and  n-region  darkening  have  increased  considerably. 
Indicating  substantially  more  heating.  The  photographs  in  Fig.  74d  (I 
*  79  mA,  Javg  =  9.9  x  108  A/m2)  and  Fig.  52e  (I  =  80  mA,  Javg  =  109 
A/m2)  were  taken  just  below  the  threshold  of  damage.  In  Fig.  74d,  the 
junction  and  n-region  heating  pattern  shows  no  evidence  of  filamen¬ 
tation,  but  Fig.  74e  contains  four  hot  spots  along  the  p+n  junction 

which  extend  a  short  distance  Into  the  n-region.  When  the  current 

level  was  Increased  one  more  step,  one  of  the  hot  spots  extended  all 


Pig.  74.  Voltage-current-time  surface  of  a  reverse 
biased  standard  reference  diode  on  Wafer  2-5.  (a)  Zero 

bias  photograph  before  testing,  (b)  Current  ■  58  mA. 

(c)  Current  -  72  mA.  (d)  Current  -  79  mA.  (e) 

Current  ■  80  mA. 
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the  way  across  the  n-region  and  a  melt  filament  formed,  damaging  the 
diode. 

Comparison  of  the  heating  pattern  of  Fig.  74e  to  those  in  Fig.  28, 
from  similar  diodes  under  similar  test  conditions,  shows  that  the  hot 
spots  in  Fig.  74e  are  not  very  distinct  compared  to  the  ones  of  Fig. 

28.  If  the  current  level  had  been  increased  very  slightly  from  the 
level  of  Fig.  74e,  a  heating  pattern  similar  to  those  of  Fig.  28  would 
have  been  observed.  Thus,  the  standard  reference  diodes  are  very  close 
to  the  second  breakdown  transition  when  hot  spots  form  along  the  p+n 
junction. 

The  waveform  surface  in  Fig.  74  is  constructed  so  that  the  voltage 
and  time  axes  are  in  the  plane  of  the  page,  while  current  increases  at 
an  oblique  angle.  Into  the  page.  The  time  axis  length  is  chosen  to 
show  the  zero  level,  voltage  pulse,  and  an  additional  10  us  after  the 
end  of  the  pulse.  The  voltage  does  not  decay  to  zero  immediately  after 
the  applied  pulse  ends.  Instead,  it  decays  to  the  reverse  bias  break¬ 
down  voltage  in  a  fraction  of  a  microsecond,  followed  by  a  much  slower 
exponential  decay  with  a  time  constant  of  about  100  us.  This  time 
constant  is  associated  with  the  stray  capacitance  in  the  circuit  and 
the  high  Impedance  of  the  diode  when  reverse  biased  below  its  avalanche 
breakdown  voltage. 

Since  the  waveform  surface  shown  in  Fig.  74  was  obtained  by  plott¬ 
ing  the  diode  voltage  waveforms  over  a  wide  range  of  narrowly  spaced 
current  intervals,  It  accurately  characterizes  the  diode  under  reverse 
bias  and  10  us  constant  current  pulses.  Therefore,  if  there  are  gene¬ 
ral  trends  in  the  voltage  waveforms  which  indicate  the  onset  of  second 
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breakdown,  these  trends  should  be  discernable  from  the  waveform  sur¬ 
face. 

It  is  evident  that  the  slopes  of  the  voltage  versus  time  curves 
increase  as  the  diode  current  level  increases,  and  that  the  rate  of  in¬ 
crease  is  faster  than  linear.  The  slope  corresponds  to  increases  with 
temperature  of  n-region  resistivity  and  of  junction  voltage.  At  the 
end  of  the  last  waveform  there  is  a  slight  drop  in  voltage,  which  is, 
as  discussed  previously,  a  good  indication  that  the  diode  is  on  the 
verge  of  second  breakdown.  Unfortunately,  there  are  no  obvious  changes 
in  the  waveform  surface  prior  to  the  last  waveform  that  would  indicate 
second  breakdown  is  imminent.  Thus,  waveform  surfaces  do  not  appear  to 
be  very  useful  in  predicting  the  onset  of  second  breakdown  in  reverse 
biased  standard  reference  diodes.  However,  the  information  contained 
in  this  waveform  surface  may  be  analyzed  in  a  somewhat  more  productive 
manner  which  will  be  described  in  Section  V.I.2. 

The  waveform  surface  of  a  diode  on  Wafer  2-5  having  a  5  urn  diffu¬ 
sion  spike  on  the  p+n  junction  is  shown  in  Fig.  75.  The  n-region 
length,  width,  and  doping  level  of  this  diode  are  similar  to  those  of 
the  standard  reference  diode  in  Fig.  74.  A  zero  bias  photograph,  Fig. 
75a,  shows  the  diffusion  spike  50  urn  from  the  left  side  of  the  diode. 

In  Fig.  75b  (I  =  59  mA,  Javg  =  7.4  x  10®  A/m^)  the  spike  is  outlined 
clearly  due  to  heating  of  the  p+n  junction.  In  Fig.  75c  (I  «  70  mA, 
Javg  =  8*8  x  10®  A/m^)  there  is  considerable  heating  of  both  the  p+n 
junction  and  the  n-region,  and  there  is  a  small  hot  spot  above  the  dif¬ 
fusion  spike.  The  hot  spot  above  the  diffusion  spike  becomes  more 
prominent  with  further  increase  in  current,  as  shown  in  Fig.  75d  (I  * 
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Pig,  75.  Voltage- current- time  surface  of  a  reverse 
biased  p*n  diffusion  spike  diode  on  Wafer  2-5.  (a)  Zero 

bias  photograph  before  testing,  (b)  Current  »  59  mA. 

(c)  Current  ■  70  mA.  (d)  Current  ■  73.2  mA.  (e) 

Current  -  74.5  mA. 
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73.2  mA,  Javg  =  9.15  x  10®  A/m^)  and  Fig.  75e  (I  =  74.5  mA,  Javg  =  9.31 
x  10®  A/m^).  When  the  current  was  increased  one  more  step  above  the 
level  corresponding  to  Fig.  75e,  the  hot  spot  above  the  diffusion  spike 
extended  all  the  way  across  the  n-region  and  a  melt  filament  formed, 
damaging  the  diode.  The  current  and  voltage  levels  at  the  second 
breakdown  threshold  were  slightly  less  than  those  of  the  standard  ref¬ 
erence  diode,  in  agreement  with  earlier  results  concerning  energy,  cur¬ 
rent,  and  voltage  failure  thresholds. 

The  heating  pattern  photographs  and  the  waveform  surface  indicate 
that  the  hot  spot  above  the  diffusion  spike  is  present  over  a  wider 
current  interval  than  the  hot  spots  observed  in  the  standard  reference 
diode  of  Fig.  74.  In  Fig.  74,  no  hot  spots  were  visible  until  the  last 
waveform  (I  =  80  mA,  JaVg  *  10^  A/m^).  Thus  the  p+n  spike  causes  ob¬ 
servable  current  localization  at  a  current  level  6%  below  the  failure 
threshold,  while  the  uniform  junction  diode  has  localization  at  a  cur¬ 
rent  level  about  1%  below  the  damage  threshold.  However,  the  damage 
thresholds  of  the  two  are  the  same  within  the  statistical  uncertainties 
of  properties  of  different  diodes. 

The  slopes  of  the  voltage  versus  time  curves  in  Fig.  75  increase 
in  a  very  uniform  manner  as  the  diode  current  level  increases.  There 
is  no  Indication  from  the  waveform  surface  of  the  current  level  at 
which  the  hot  spot  starts  to  form,  or  that  second  breakdown  is  about  to 
occur  at  the  last  waveform.  Thus,  the  voltage  waveform  surfaces  do  not 
appear  to  be  very  useful  In  predicting  the  onset  of  hot  spot  formation, 
or  second  breakdown  in  p+n  spike  diodes. 
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All  of  the  experiments  described  previously  were  concerned  with 
the  effects  of  geometry  and  doping  level  on  the  second  breakdown  sus¬ 
ceptibility  of  reverse  biased  diodes.  However,  experiments  were  also 
performed  to  determine  the  behavior  of  forward  biased  diodes  under 
electrical  stress,  although  not  to  the  same  extent  as  the  reverse  bias 
investigations.  To  illustrate  these  experiments,  the  voltage  waveform 
surface  and  associated  heating  pattern  photographs  of  a  forward  biased 
standard  reference  diode  on  Wafer  2-5  are  shown  in  Fig.  76.  The  n- 
region  length  (30  urn)  and  width  (200  urn)  of  this  diode  are  the  same  as 
those  of  the  reverse  biased  diode  of  Fig.  74.  A  zero  bias  photograph 
is  shown  in  Fig.  76a,  while  heating  pattern  photographs  are  shown  in 
Figs.  76b-d.  The  p+n  junction  is  the  lower  boundary  of  the  n-region 
for  each  of  the  diode  photographs. 

The  heating  pattern  of  Fig.  76b  (I  3  80  mA,  Javg  *  109  A/m2)  indi¬ 
cates  that  the  n-region  is  almost  uniformly  heated,  but  in  Fig.  76c  (I 
*  96  mA,  Javg  =  1.2  x  109  A/m2)  and  Fig.  76d  (I  3  104  mA,  Javg  3  1.3  x 
109  A/m2)  the  n-region  heating  Is  apparently  nonuniform.  A  narrow 
strip  adjacent  to  the  p+n  junction  is  not  significantly  heated.  This 
result  has  been  observed  in  all  of  the  diodes  tested  on  Wafer  2-5  under 
forward  bias  for  n-region  lengths  greater  than  10  urn  (approximately  one 
hundred),  regardless  of  diode  geometry.  The  unheated  region,  typically 
5  to  15  urn  in  length,  tends  to  lengthen  slightly  near  the  diode  edges. 
When  the  n+-n-n+  doping  level  test  structures  were  electrically 
stressed,  the  n-regions  along  the  nn+  interfaces  became  heated,  sug¬ 
gesting  that  the  above  effect  Is  related  to  the  presence  of  the  p+n 
junction.  For  the  doping  level  concentration  of  Wafer  2-5,  the 


Pig,  76,  Voltage-current-time  surface  of  a  forward 
biased  standard  reference  diode  on  Wafer  2-5.  (a)  Zero 

bias  photograph  before  testing,  (b)  Current  ■  80  mA. 

(c)  Current  «  96  mA,  (d)  Current  »  104  mA, 
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depletion  width  Is  about  0.2  urn,  considerably  less  than  the  width  of 
the  cool  strip. 

Except  for  the  narrow  area  adjacent  to  the  p+n  junction,  the  n- 
region  heating  shown  in  Fig.  76d  is  generally  uniform.  Since  the  heat¬ 
ing  pattern  photograph  in  Fig.  76d  was  taken  at  the  end  of  the  next  to 
the  last  waveform,  it  is  evident  that  the  n-region  current  distribution 
remains  uniform  at  current  levels  which  are  very  close  to  the  second 
breakdown  threshold.  The  same  observation  also  applies  to  diodes  with 
different  n-region  lengths  and  widths,  to  diodes  with  contact  and  dif¬ 
fusion  spikes,  and  to  enclosed  reference  diodes.  Diodes  with  other 
geometries  were  not  extensively  tested  under  forward  bias. 

However,  if  the  current  level  is  carefully  increased  till  the  di¬ 
ode  is  on  the  verge  of  second  breakdown,  then  the  n-region  current  dis¬ 
tribution  becomes  nonuniform.  Typically,  one  or  more  broad  filaments, 
which  extend  most  of  the  way  across  the  n-region,  are  observed. 

Several  examples  of  fllamentation  in  forward  biased  diodes  will  be 
described  in  Section  V.I.4. 

When  the  current  was  increased  one  more  step  above  the  current 
level  of  the  last  waveform  in  Fig.  76,  a  melt  filament  formed,  damaging 
the  diode.  Observations  of  heating  patterns  in  other  forward  biased 
diodes  show  that  the  melt  filament  in  a  diode  forms  at  the  location  of 
the  most  prominent  nondestructive  filament.  Melt  filaments  formed  dur¬ 
ing  forward  bias  second  breakdown  are  similar  in  appearance  to  those 
described  previously  in  the  reverse  bias  damage  morphology  experiments. 
Filament  locations  were  not  investigated  statistically. 
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There  are  several  distinctive  differences  in  the  forward  and  re¬ 
verse  bias  voltage  waveform  surfaces  shown  in  Figs.  76  and  74.  The 
slopes  of  the  voltage  versus  time  waveforms  increase  as  the  current 
level  increases  in  both  Fig.  76  and  74.  However,  in  Fig.  76  a  peak  ap¬ 
pears  in  the  voltage  versus  time  waveforms  at  a  current  level  corre¬ 
sponding  to  approximately  that  shown  in  Fig.  76c.  As  the  current  level 
Increases,  this  peak  becomes  more  distinct  and  occurs  earlier  in  the 
pulse.  The  peak  does  not  correspond  to  any  apparent  change  in  the  n- 
region  heating  pattern  because  the  n-region  darkens  in  a  uniform  manner 
as  the  pulse  progresses.  The  maximum  amplitude  of  the  voltage  waveform 
is  believed  to  occur  when  an  appreciable  portion  of  the  diode's  n- 
region  has  been  heated  to  the  peak  of  its  resistivity  versus  tempera¬ 
ture  curve. 

The  turnover  In  the  voltage  waveforms  indicates  that  the  diode  is 
approaching  the  destructive  threshold.  In  Fig.  76,  the  turnover  is 
first  seen  at  a  diode  current  of  96  mA  (Javg  =  1.20  x  109  A/m^),  while 
a  destructive  filament  forms  at  107  mA  (Javg  =  1.34  x  109  A/m^).  The 
Initial  turnover  occurs  at  a  current  level  about  10%  less  than  the  cur¬ 
rent  level  at  damage.  Thus,  the  voltage  waveform  is  a  good  indicator 
that  the  diode  Is  approaching  the  damage  threshold. 

2.  Waveform  Surface  Analysis 

The  voltage  waveform  surfaces  give  a  general  understanding  of  di¬ 
ode  behavior  over  a  wide  range  of  pulse  amplitudes.  However,  these  di¬ 
agrams  condense  a  large  amount  of  data  into  a  smail  area,  and  some  of 
the  information  is  obscured.  In  particular,  waveform  surfaces  do  not 


clearly  display  the  relationship  between  diode  current  and  voltage. 

One  method  to  exhibit  the  diode's  transient  I-V  characteristics  is  to 
plot  cross  sections  of  the  waveform  surfaces  which  are  perpendicular  to 
the  time  axis.  This  eliminates  the  time  dependence,  leaving  only  cur¬ 
rent  and  voltage  as  variables. 

The  I-V  characteristics  of  a  forward  biased  standard  reference  di¬ 
ode  on  Wafer  2-5  are  shown  in  the  first  quadrant  of  the  graph  in  Fig. 
77.  The  n-region  length  and  width  of  this  diode  are  30  and  200  urn,  re¬ 
spectively.  The  third  quadrant  shows  the  I-V  characteristics  of  a  re¬ 
verse  biased  standard  reference  diode  with  similar  geometry  and  doping 
level.  These  data  were  obtained  at  the  beginnings  (B)  and  ends  (E)  of 
the  voltage  waveforms  shown  in  Figs.  76  and  74.  The  area  near  the  ori¬ 
gin  in  Fig.  77  is  the  region  in  which  ordinary  curve  tracer  measure¬ 
ments  would  be  made. 

The  difference  between  the  I-V  characteristics  at  the  beginning 
and  end  of  the  waveforms  indicates  the  effect  of  diode  heating.  At 
current  levels  near  the  second  breakdown  threshold,  the  impedance  of 
the  reverse  biased  diode  increases  over  50%  from  the  beginning  to  the 
end  of  the  waveform.  The  Impedance  of  the  forward  biased  diode  also 
Increases  dramatically  during  the  waveform  at  high  current  levels,  al¬ 
though  not  as  much  as  the  reverse  biased  diode. 

It  is  interesting  to  examine  the  impedance  change  during  the  pulse 
In  more  detail  for  the  reverse  bias  case.  Since  the  voltage  versus 
time  waveforms  were  obtained  with  constant  current  pulses,  the  diode 
Impedance  at  a  given  time  is  directly  proportional  to  the  instantaneous 
amplitude  of  the  voltage  waveform.  Thus,  the  quantity  V(t)  -  V(0)  is 
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Pig.  77.  I-V  curves  representing  a  standard  reference 
diode  with  an  n-region  length  of  30  urn  and  width  of  200  um 
on  Wafer  2-5.  Data  were  taken  at  the  beginning  (B)  and  end 
(E)  of  10  us  constant  current  pulses.  The  area  near  the 
origin  is  where  normal  curve  tracer  measurements  would  be 
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proportional  to  the  Impedance  change  from  the  beginning  of  the  pulse  to 
some  time,  t,  during  the  pulse. 

The  voltage  difference  between  the  end  and  the  beginning  of  the 
waveforms  in  Fig.  74  is  plotted  on  a  logarithmic  scale  versus  current 
in  Fig.  78.  The  curve  Is  linear  over  a  wide  current  range,  indicating 
that  the  Impedance  change  during  the  waveform  is  related  to  the  current 
level  by  the  equation 

ln(aZ)  =  kl  (5.1) 

where 

A  Z  *  Impedance  change  during  the  waveform 
k  =  Constant 
I  *  Current 

At  very  high  current  levels  this  relation  departs  from  linearity; 
Inspection  of  Fig.  78  shows  that  the  curve  Is  nonlinear  in  the  last 
four  waveforms,  or  apppproximately  4-5  mA  below  the  second  breakdown 
threshold.  A  similar  plot  for  the  p+n  spike  diode  in  Fig.  75  also 
shows  a  slight  departure  from  linearity  prior  to  second  breakdown,  but 
it  is  smaller  than  that  shown  in  Fig.  78.  Thus,  it  is  possible  that 
the  relation  between  diode  impedance  and  current  level  may  be  used  to 
predict  the  onset  of  second  breakdown  In  highly  doped  diodes  by  indica¬ 
ting  a  departure  from  normal  behavior.  However,  Eq.  5.1  does  not  apply 
to  lower  doping  levels.  Figure  79  shows  the  waveform  shapes  for  a  re¬ 
verse  biased  standard  reference  diode  on  Wafer  2-4  (length  30  pm,  width 
200  um).  In  Fig.  79a,  there  Is  a  turnover  In  the  voltage  wafeform  short¬ 
ly  after  the  beginning  of  the  pulse.  This  turnover  becomes  more  distinc¬ 
tive  In  Figs.  79b-d.  The  current  amplitude  in  Fig.  79a  Is  90%  of  that  In 
Fig.  79d,  indicating  that  the  voltage  turnover  predicts  the  onset  of 
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Pig.  78.  Attempt  to  determine  the  onset  of  second 
breakdown  for  a  standard  reference  diode  on  Wafer  2-5 
(length  »  30  urn,  width  »  200  urn).  The  voltage  difference 
between  the  beginning  and  end  of  constant  current  pulses 
is  plotted  on  a  logarithmic  scale  versus  current.  The 
departure  from  linearity  in  the  75-80  mA  current  range 
indicates  that  second  breakdown  is  imminent. 
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Pig.  79.  Constant  current  pulses  of  increasing 
amplitude  applied  to  a  standard  reference  diode  on 
Wafer  2-4.  The  n-region  length  and  width  of  this  diode 
are  30  and  200  jam,  respectively.  Second  "breakdown  occurs 
in  part  (d).  (a)  Current  «  24  mA;  peak  voltage  =  200  V. 

(b)  Current  =  26  mA;  peak  voltage  *  220  V. 

(c)  Current  »  28  mA;  peak  voltage  ■  240  V. 

(d)  Current  =  29  mA;  peak  voltage  =  250  V. 
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second  breakdown.  Similar  waveform  shapes  were  observed  in  p+n  and  n+n 
spike  diodes  on  Wafer  2-4.  The  turnover  in  the  voltage  waveform  gives 
a  better  indication  of  the  damage  threshold  than  heating  patterns  on 
Wafer  2-4.  On  Wafer  2-1,  the  voltage  waveform  is  rectangular  at  the 
second  breakdown  threshold  under  constant  current  testing. 

3.  Light  Emission 

Visible  microplasma  radiation  is  emitted  along  the  p+n  junction 

during  avalanche  breakdown.  This  light  emission  was  photographed  under 

both  steady  reverse  bias  and  pulse  excitation.  Photographs  were  made 

* 

using  a  time  exposure  on  the  order  of  minutes  under  steady  reverse  bi¬ 
as,  and  by  integrating  the  light  emitted  during  a  large  number  of  wave¬ 
forms  during  10  us  pulse  excitation,  typically  several  million  pulses. 
No  attempt  was  made  to  investigate  the  spectrum  of  the  emitted  light. 

Several  examples  of  light  emission  in  diodes  on  Wafer  2-5  are 
shown  in  Fig.  80.  The  zero  bias  photograph  of  a  p+n  spike  diode  with 
an  n-region  length  of  100  urn  and  width  of  200  ym  is  shown  in  Fig.  80a. 
The  light  emitted  by  this  diode  under  a  constant  reverse  bias  of  15  V 
is  shown  in  Fig.  80b;  the  current  is  3  mA  (Javg  =  3.8  x  107  A/m2).  The 
emission  pattern  has  a  beaded  appearance,  which  follows  the  outline  of 
the  p+n  junction.  The  light  emission  becomes  more  uniform  as  the  cur¬ 
rent  level  increases,  as  shown  in  Fig.  80c.  The  voltage  and  current 

amplitudes  corresponding  to  Fig.  80c  were  60  V  and  20  mA  (davg  *  2.5  x 

10®  A/m^).  The  exposure  time  for  both  Figs.  80b  and  80c  was  two 

minutes  using  Polaroid  Type  667  film  (ASA  3000). 


Fig.  80.  Microplasma  emission,  (a)  Zero  bias 
photograph  of  a  p+ n  spike  diode,  (b)  Emission  of  the 
diode  in  part  (a)  under  15  V  steady  reverse  bias;  current 
is  3  mA.  (c)  Emission  of  the  diode  in  part  (a)  under  60  V 
steady  reverse  bias;  current  is  20  mA,  (d)  A  p  n  spike 
diode  near  the  second  breakdown  threshold,  (e)  Emission 
of  the  diode  in  part  (d).  (f)  Emission  of  the  diode  in 

part  (d)  at  a  much  lower  pulse  amplitude,  (g)-(j)  Zero 
bias  and  emission  pattern  photographs  of  a  radius  of 
curvature  and  an  enclosed  reference  diode. 


210 


The  heating  pattern  of  a  p+n  spike  diode  similar  in  geometry  and 
doping  level  to  the  diode  in  Fig.  80a-c  is  shown  in  Fig.  80d.  This 
photograph  was  taken  with  the  strobe  light  at  the  end  of  each  of  a  se¬ 
quence  of  10  us  constant  current  pulses  of  amplitude  close  to  the  dam¬ 
age  threshold.  The  current  and  voltage  waveforms  were  similar  to  those 
of  the  corresponding  diode  in  Fig.  30  (Javg  =  1.0  x  109  A/m^).  The 
light  emission  during  the  pulse  is  shown  in  Fig.  80e.  Approximately 
four  million  pulses  were  applied  to  the  diode  to  obtain  the  photograph 
in  Fig.  80e.  With  a  pulse  repetition  rate  of  slightly  more  than  103  Hz 
maintained  for  60  min,  the  total  exposure  time  was  about  40  s.  A 
second  emission  photograph,  shown  in  Fig.  80f,  was  made  at  a  much  lower 
pulse  amplitude  using  the  same  exposure.  There  was  only  uniform  junc¬ 
tion  darkening  in  the  heating  pattern  corresponding  to  Fig.  80f,  with 
no  evidence  of  a  hot  spot  above  the  diffusion  spike.  Comparison  of 
Figs.  80e  and  80f  shows  that  the  emission  pattern  is  more  intense  at 
the  smaller  pulse  amplitude,  possibly  because  the  silicon  is  more 
transparent  at  a  lower  temperature  and  there  is  less  internal  absorp¬ 
tion  of  the  emitted  light.  Note  that  there  is  no  evidence  of  light 
emission  from  the  area  above  the  diffusion  spike  in  Fig.  80e.  This  in¬ 
dicates  the  hot  spot  temperature  is  less  than  800  °C  since  the  film  is 
insensitive  to  infrared  radiation. 

The  remaining  two  emission  photographs  in  Fig.  80  were  included  to 
show  that  the  light  emission  always  follows  the  outline  of  the  p+n 
junction  for  diodes  on  Wafer  2-5.  The  zero  bias  and  emission  photo¬ 
graphs  of  a  radius  of  curvature  diode  are  shown  in  Figs.  80g  and  80h, 
respectively.  This  diode  has  an  n-region  width  of  200  uiit  and  a  minimum 
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separation  between  the  p+n  and  n+n  junctions  of  10  ym.  The  voltage  and 
current  levels  corresponding  to  Fig.  80h  are  25  V  and  16  mA  (Javg  =  2.0 
x  108  A/m8).  Light  emission  is  most  intense  where  the  junctions  are 
separated  by  a  minimum  distance.  Comparison  of  the  emission  pattern  of 
Fig.  80h  with  those  of  Figs.  80b  and  80c  suggests  the  current  density 
along  the  junction  in  Fig.  80h  ranges  from  about  4  x  10?  to  3  x  108 
A/m2.  The  zero  bias  and  emission  pattern  photographs  of  an  enclosed 
reference  diode  are  shown  in  Figs.  80i  and  80j,  respectively.  This  di¬ 
ode  has  an  n-region  width  of  110  ym  and  a  minimum  separation  between 
the  p+n  and  n+n  junctions  of  100  yin.  The  voltage  and  current  levels 
corresponding  to  Fig.  80j  are  60  V  and  12  mA  (Javg  *  2.7  x  108  A/m8, 
based  on  diode  width).  The  diodes  in  Figs.  80c,  80h,  and  80j  are  all 
close  to  the  threshold  of  second  breakdown  under  steady  reverse  bias. 

The  emission  patterns  of  diodes  on  Wafer  2-4  are  similar  to  those 
of  diodes  on  Wafer  2-5  but  the  light  intensity  is  decreased,  making  it 
necessary  to  use  longer  exposure  times  to  obtain  emission  pattern  pho¬ 
tographs  comparable  to  those  shown  in  Fig.  80.  For  example,  an  emis¬ 
sion  pattern  photograph  similar  to  that  of  Fig.  80e  requires  an  expo¬ 
sure  of  tens  of  millions  of  10  ys  pulses  at  a  current  density  of  about 
3  x  108  A/m8.  Practically,  this  corresponds  to  a  pulse  repetition  rate 
of  108  Hz  maintained  for  approximately  10  to  20  hr  (36-72  million 
pulses),  giving  a  total  exposure  time  of  6  to  12  min.  At  a  pulse  repe¬ 
tition  rate  of  108  Hz,  the  light  emission  can  only  be  seen  in  a  dark¬ 
ened  room  with  a  dark  adapted  eye,  and  it  can  not  be  detected  by  all 
observers.  Higher  pulse  repetition  rates  were  not  used  because  the 


212 


pulse  generator  triggered  an  automatic  cutoff  when  its  duty  cycle  was 
exceeded . 

The  emission  patterns  of  diodes  on  Wafers  2-1,  2-2,  and  1-3  are 
similar,  so  these  wafers  are  discussed  as  a  group.  Under  dc  reverse 
bias,  the  emission  patterns  are  fainter  than  any  of  those  observed  in 
diodes  on  Wafers  2-5  and  2-4,  and  the  patterns  are  never  uniform  prior 
to  second  breakdown.  Instead,  they  have  a  beaded  appearance  similar  to 
that  of  Fig.  80b.  In  some  diodes,  there  is  a  large  number  of  emission 
spots,  as  in  Fig.  80b.  However,  in  other  diodes,  there  may  only  be  two 
or  three  emission  spots  prior  to  second  breakdown.  There  are  often  one 
or  two  spots  at  the  diode  edges,  with  several  nonuni formly  spaced  spots 
along  the  length  of  the  p+n  junction.  The  corresponding  current  den¬ 
sity  is,  roughly,  1  x  107  A/m2.  The  spots  at  the  diode  edges  are  usu¬ 
ally  brighter  than  those  along  the  p+n  junction,  and  are  frequently  ac¬ 
companied  by  corresponding  spots  at  the  edges  of  the  n+n  junction.  In 
p+n  spike  diodes  there  is  usually  an  emission  spot  at  the  tip  of  the 
spike.  After  second  breakdown  occurs  under  steady  reverse  bias  the  n- 
region  is  so  extensively  damaged  that  the  location  of  the  initial 
damaging  filament  is  unknown.  Thus,  the  experiments  on  lightly  doped 
diodes  give  no  information  relating  filament  sites  to  microplasma  emis¬ 
sion  sites.  No  attempt  was  made  to  correlate  early  microplasma  emis¬ 
sion  sites  with  filament  sites  on  Wafers  2-4  and  2-5.  Diodes  on  Wafers 
2-1,  2-2,  and  1-3  were  also  observed  under  electrical  stress,  using  10 
us  constant  voltage  pulses  at  a  repetition  rate  of  1-3  x  10^  Hz  but  no 
light  emission  could  be  detected  visually.  Current  was  not  measured 


during  these  tests  but  is  believed  to  be  similar  to  the  current  levels 
described  in  Section  V.F.l. 

4.  Heating  Patterns  Under  Forward  Bias 

The  heat.ng  patterns  observed  in  a  forward  biased  standard  refer¬ 
ence  diode  have  been  described  previously  in  connection  with  Fig.  76, 
but  those  patterns  showed  no  evidence  of  current  segragation  into  hot 
spots  or  filaments,  even  at  current  levels  close  to  the  damage  thresh¬ 
old.  There  are  two  problems  which  limit  the  ability  to  observe  fila- 
mentation  prior  to  damage  under  forward  bias.  One  difficulty  arises 
because  there  is  often  little  contrast  between  the  current  filaments 
and  the  adjacent  n-region  near  the  damage  threshold.  An  additional 
complication  occurs  because  the  current  level  must  usually  be  closer  to 
the  damage  threshold  than  for  the  reverse  bias  case,  making  it  diffi¬ 
cult  to  complete  a  test  without  destroying  the  diode.  For  these  rea¬ 
sons,  heating  patterns  were  only  observed  in  approximately  one  hundred 
forward  biased  standard  reference,  enclosed  reference,  and  diffusion 
spike  diodes  on  Wafer  2-5. 

An  exception  to  the  difficulties  mentioned  above  occurs  for  diodes 
on  Wafer  2-5  having  n-region  lengths  of  10  and  30  yin,  and  widths  of  30 
or  50  ym.  In  this  group,  filaments  were  observable  over  a  relatively 
wide  current  interval  below  the  damage  threshold.  The  current  density 
at  the  failure  threshold  is  similar  to  that  of  diodes  with  wider  n- 
regions.  Broad  filaments  were  seen  to  extend  all  the  way  across  the 
n-region  without  melt  formation,  while  post-test  I-V  characteristics 
and  visual  examination  revealed  no  damage.  Damage  did  occur  through 
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the  familiar  melt  filaments  at  just  slightly  higher  excitation  levels. 
Similar  behavior  (discussed  in  Section  V.F.l)  was  observed  for  the  same 
group  of  diodes  under  reverse  bias.  Three  tests  at  increasing  levels  of 
forward  bias  were  performed  on  a  standard  reference  diode  of  Wafer  2-5 
having  n-region  length  and  width  both  equal  to  30  urn.  A  zero  bias  pho¬ 
tograph  is  shown  in  Fig.  81a,  and  heating  patterns  at  the  ends  of  Tests 
#1-3  are  shown  in  Figs.  81b,  81c,  and  81e,  respectively.  The  heating 
pattern  in  Fig.  81d  was  taken  near  the  beginning  of  Test  #3,  at  a  time 
marked  by  arrows  on  the  waveforms.  The  p+n  junction  is  the  lower  boun¬ 
dary  of  the  n-region  in  each  photograph.  These  tests  were  performed 
with  the  constant  current  circuit  shown  in  Fig.  4. 

The  heating  pattern  at  the  end  of  Test  #1  is  uniform  except  for 
the  narrow  area  adjacent  to  the  p+n  junction.  The  current  in  Test  Ml 
is  about  20  mA,  and  the  peak  voltage  is  roughly  90  V.  This  corresponds 
to  a  current  density  of  approximately  1.7  x  109  A/m^.  However,  at  the 
end  of  Test  #2,  there  is  a  broad  filament  near  the  center  of  the  diode 
which  extends  all  the  way  across  the  n-region.  The  current  in  Test  #2 
is  about  25  mA  (Javg  =  2.1  x  109  A/m^),  the  peak  voltage  is  95  V,  and 
the  peak  in  the  voltage  waveform  occurs  5  us  after  the  beginning  of  the 
pulse.  Observations  of  the  heating  pattern  at  various  times  during 
Test  #2  showed  that  the  filament  began  to  form  several  microseconds 
before  the  end  of  the  pulse.  There  is  also  a  single  broad  filament  at 
the  end  of  Test  #3,  taken  at  a  current  level  of  roughly  30  mA  (Javg  * 
2.5  x  109  A/m^)  and  a  peak  voltage  of  about  115  V,  but  this  filament  is 
slightly  to  the  left  of  that  in  Fig.  81c.  The  peak  in  the  voltage 
waveform  occurs  3  us  from  the  beginning  of  the  pulse.  Observations  of 


Pig.  81.  Forward  bias  tests  at  increasing  levels  of 
excitation  on  a  standard  reference  diode  of  Wafer  2-5. 

(a)  Zero  bias  photograph,  (b)  Heating  pattern  at  the  end 
of  Test  #1.  (c)  Heating  pattern  at  the  end  of  Test  #2. 

(d)  Heating  pattern  near  the  beginning  of  Test  #3  (marked 
by  arrow),  (e)  Heating  pattern  at  the  end  of  Test  #3. 
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the  heating  pattern  near  the  beginning  of  Test  #3  revealed  that  there 
were  initially  two  filaments  present,  and  that  the  one  on  the  left  be¬ 
came  dominant  as  the  pulse  progressed.  After  Test  #3  was  completed, 
the  current  level  was  reduced  and  Tests  #1-3  were  repeated,  giving  ex¬ 
actly  the  same  results  as  described  above.  Although  the  results  in 
Fig.  81  seem  to  indicate  that  the  number  of  filaments  is  a  function  of 
current  level,  attempts  to  observe  more  than  two  filaments  by  reducing 
the  pulse  length  and  increasing  the  current  amplitude  were  not  success¬ 
ful.  Because  of  risetime  limitations,  pulse  lengths  shorter  than  1  ps 
were  not  used.  Similar  results  were  observed  for  standard  reference 
diodes  with  an  n-region  length  of  30  pm  and  width  of  50  pm,  but  not  for 
other  geometries.  For  standard  reference  diodes  with  n-region  widths 
of  100,  200,  and  500  pm,  there  may  be  from  one  to,  say,  ten  filaments 
prior  to  the  damage  threshold,  often  spaced  nonuni formly  and  of  unequal 
sizes.  Filament  locations  were  not  consistent  in  similar  devices,  so 
the  effect  of  pulse  duration  was  not  investigated. 

The  heating  patterns  observed  in  a  forward  biased  p+n  spike  diode 
on  Wafer  2-5  with  an  n-region  length  of  30  pm  and  width  of  50  pm  are 
shown  in  the  upper  part  of  Fig.  82.  The  lower  part  of  Fig.  82  shows 
the  corresponding  heating  patterns  in  a  forward  biased  n+n  spike  diode 
with  similar  geometry  and  doping  level.  The  zero  bias  photographs  are 
shown  in  Figs.  32a  and  32f,  and  the  heating  patterns  at  6,  8,  9,  and  10 
us  from  the  beginning  of  the  pulse  are  shown  in  Fig.  82b-e  and  Fig. 
82g-j.  The  current  and  voltage  waveforms,  and  a  post-test  I-V  charac¬ 
teristic  are  shown  for  both  diodes.  No  device  damage  occurred  during 
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Pig.  82.  Forward  bias  tests  of  a  p+n  and  an  n+n 
spike  diode  on  Wafer  2-5.  The  upper  part  of  the  figure 
shows  the  test  of  a  p  n  spike  diode,  and  the  lower  part 
shows  the  test  of  an  n+n  spike  diode,  (a)  and  (f)  Zero 
bias  photographs,  (b)-(e)  and  (g)-(j)  Heating  patterns 
at  6,  8,  9,  and  10  jis  from  the  beginning  of  the  pulse. 
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these  test  sequences,  as  judged  from  the  post-test  I-V  characteristic 
and  microscopic  appearance  of  the  diode. 

The  heating  patterns  and  waveform  amplitudes  are  similar  for  both 
diffusion  spike  diodes.  The  photographs  taken  6  us  from  the  beginning 
of  the  pulse  indicate  an  approximately  uniform  heating  pattern,  while 
those  at  8,  9,  and  10  us  monitor  the  growth  of  the  filament.  The  heat¬ 
ing  patterns  at  the  end  of  the  pulse.  Figs.  82e  and  82j,  show  well- 
defined  filaments  which  extend  from  the  diffusion  spike  to  the  opposite 
junction,  at  an  angle  which  is  not  quite  perpendicular  to  the  diode 
width.  The  waveforms  for  the  p+n  spike  diode  indicate  a  current  level 
of  12  mA  (Javg  *  6.0  x  10®  A/m^)  and  a  peak  voltage  of  56  V,  which  oc¬ 
curs  approximately  8  us  after  the  beginning  of  the  pulse.  The  waveform 
amplitudes  of  the  n+n  spike  diode  are  comparable,  but  slightly  higher. 
The  current  Is  13  mA  (Javg  =  6.5  x  10®  A/m^)  and  the  peak  voltage  is  66 
V,  which  occurs  about  5  us  after  the  beginning  of  the  pulse.  The  two 
examples  in  Fig.  82  illustrate  several  general  properties  of  diffusion 
spike  diodes  under  forward  bias.  In  both  p+n  and  n+n  spike  diodes,  the 
filaments  are  similar  in  appearance  and  they  occur  at  the  spike,  with 
comparable  current  and  voltage  amplitudes. 

5.  Four-Terminal  Structure 

Although  the  four-terminal  structure  was  not  investigated  in  de¬ 
tail,  heating  patterns  were  observed  in  several  of  these  devices.  Fig¬ 
ure  83  shows  two  tests  of  a  four-terminal  device  on  Wafer  2-5  using  on¬ 
ly  the  two  extra  contacts  on  the  n-region  as  device  electrodes,  with 
the  p+n  and  n+n  junctions  open-circuited.  The  zero  bias  photograph  is 
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Pig.  83.  Test  of  a  four  terminal  diode  with  the  p+n 
and  n  n  Junctions  open-circuited,  (a)  Zero  bias 

?ho to graph,  (b)  Heating  pattern  at  the  end  of  Test  #1. 
c)  Heating  pattern  at  the  end  of  Test  #2, 
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shown  in  Fig.  83a,  and  the  heating  patterns  at  the  ends  of  Test  #1  and 
Test  #2  are  shown  in  Figs.  83b  and  83c,  respectively.  The  diode  is 
oriented  so  that  the  p+n  and  n+n  junctions  are  horizontal,  with  the  p+n 
junction  at  the  top  electrode  and  the  n+n  junction  at  the  bottom 
electrode.  The  two  extra  electrodes  are  biased  so  that  the  one  on  the 
right  is  positive  with  respect  to  the  one  on  the  left.  The  horizontal 
spacing  between  the  two  extra  electrodes  is  80  um  and  the  vertical 
spacing  between  the  p+n  and  n+n  junctions  is  240  um. 

The  heating  pattern  in  Fig.  83b  was  obtained  at  a  current  level  of 
85  mA  and  a  peak  voltage  of  about  160  V.  It  shows  that  the  electrode 
corners  act  as  concentration  centers  for  the  current.  The  heating  pat¬ 
tern  In  Fig.  83b,  taken  at  a  current  level  of  110  mA  and  a  peak  voltage 
of  about  200  V,  shows  the  heating  pattern  close  to  the  damage  thresh¬ 
old.  Here,  the  hot  spots  extend  further  into  the  n-region  and  away 
from  the  electrodes,  at  an  angle  of  approximately  45°  to  the  line  con¬ 
necting  the  electrode  corners.  8oth  of  the  hot  spots  on  the  right  hand 
electrode  are  longer  than  those  on  the  left  hand  electrode.  Exactly 
the  same  heating  pattern  and  waveform  shapes  were  observed  when  the 
polarity  was  reversed,  suggesting  both  that  the  n-region  resistivity  is 
nonuniform,  and  that  the  resistances  at  the  metal -semiconductor  inter¬ 
faces  are  not  polarity  sensitive. 

Although  this  four-terminal  device  has  some  similarity  to  the  en¬ 
closed  reference  geometry,  there  is  a  significant  difference  in  the 
heating  patterns.  In  enclosed  reference  diodes,  hot  spots  only  occur 
at  the  corners  of  the  p+n  junction  and  they  do  not  grow  along  a  line 
which  points  away  from  the  n+n  junction.  In  the  four-terminal  device, 
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the  highly  conductive  n+  and  p+  areas  at  the  top  and  bottom  serve, 
closely,  as  equi potential  regions  which  cause  the  electric  field  to 
bulge  outward  toward  these  regions.  Thus,  in  similar  tests  on  other 
four-terminal  devices  with  shorter  spacings  between  the  p+n  and  n+n 
junctions,  melt  filaments  were  often  observed  to  extend  from  the  cor¬ 
ners  of  the  two  extra  electrodes  directly  to  one  of  the  diode  junc¬ 
tions,  both  filaments  always  terminating  on  the  same  junction.  For  a 
four-terminal  structure  with  a  p+n  and  n+n  junction  spacing  of  25  urn 
and  an  electrode  spacing  of  80  ym,  these  filaments  are  almost  perpen¬ 
dicular  to  the  line  connecting  the  electrode  corners. 


6.  Delay  Time 

Most  of  the  previously  described  results  were  obtained  by  electri¬ 
cally  stressing  diodes  to  the  threshold  of  second  breakdown  with  10  us 
pulses.  Thus,  the  length  of  the  maximum  amplitude  non-destructi ve 
pulse,  or  delay  time,  was  maintained  constant.  The  stroboscopic  method 
allows  the  non-destructive  determination  of  thresholds  of  second  break¬ 
down  on  a  single  device  using  different  pulse  lengths.  Thus  threshold 
energy,  threshold  voltage,  and  other  electrical  characteristics  can  be 
related  to  delay  time.  The  voltage  and  current  waveforms  of  a  series 
of  constant  current  pulses  applied  to  a  standard  reference  and  a  p+n 
spike  diode  on  Wafer  2-5  are  shown  in  Fig.  84.  Each  diode  has  an  n- 
region  length  of  100  ym  and  a  width  of  200  urn,  and  the  spike  length  is 
5  ym.  The  pulse  lengths  varied  from  10  to  100  us,  in  10  us  steps,  and 
were  of  just  sufficient  amplitude  to  bring  the  diode  to  the  threshold 
of  second  breakdown,  as  determined  from  observations  of  hot  spots. 
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There  is  a  definite  turnover  voltage  in  most  of  the  standard  ref¬ 
erence  diode  voltage  waveforms,  while  those  of  the  p+n  spike  diode 
maintain  an  approximately  constant  slope  throughout  the  pulse.  In  ad¬ 
dition,  the  voltage  waveforms  of  the  standard  reference  diode  tend  to 
have  a  somewhat  higher  amplitude  for  corresponding  pulse  lengths  than 
those  of  the  p+n  spike  diode.  The  amplitudes  of  corresponding  current 
waveforms  are  similar  for  all  pulse  lengths. 

The  waveforms  in  Fig.  34  may  be  used  to  calculate  the  energy  input 
and  the  current  level  as  functions  of  delay  time.  A  plot  of  energy  in¬ 
put  versus  delay  time  is  shown  in  Fig.  85,  and  a  plot  of  current  level 
versus  delay  time  is  shown  in  Fig.  86.  The  plot  in  Fig.  85  indicates 
that  the  energy  necessary  to  bring  the  diodes  to  the  threshold  of 
second  breakdown  increases  as  the  delay  time  increases,  and  that  more 
energy  is  required,  for  corresponding  delay  times,  for  a  standard  ref¬ 
erence  than  for  a  p+n  spike  diode.  At  the  shortest  delay  times  (10 
ys),  the  energy  thresholds  were  the  same.  The  plot  in  Fig.  86  indi¬ 
cates  that  the  current  level  necessary  to  cause  second  breakdown  de¬ 
creases  as  delay  time  increases,  with  both  diodes  having  the  same 
threshold  currents  for  a  given  del*y  time.  For  large  enough  delay 
times,  the  current  level  would  asymptotically  approach  the  dc  breakdown 
current  amplitude.  Comparison  of  Figs.  85  and  86  indicates  the  voltage 
at  the  second  breakdown  threshold  is  typically  about  25%  greater  for 
the  standard  reference  diode  than  for  the  p+n  spike  diode. 

Diodes  on  Wafer  2-5  with  straight  p+n  and  n+n  junctions,  and  with 
n-region  lengths  and  widths  of  30  and  200  ym,  respectively,  were  tested 
to  failure  with  reverse  bias  constant  current  pulses  varying  in  dura- 


DELAY  TIME  (\is) 


Fig.  85.  Energy  versus  delay  time  for  a  standard 
reference  and  a  p+n  spike  diode  on  Wafer  2-5.  The  n- 
region  length  and  width  of  both  diodes  are  100  and 
200  pm,  respectively. 
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tion  from  0.1  to  100  pS.  These  were  contact  spike  diodes  from  the  mul¬ 
tiple  spike  structures  of  four  adjacent  die.  However,  as  discussed 
previously,  contact  spikes  do  not  affect  diode  performance.  Energy, 
current,  and  power  failure  thresholds  are  shown  in  Figs.  87,  88,  and 
89,  respectively.  The  plots  in  Figs.  87  and  89  are  log-log,  while  that 
in  Fig.  88  is  semi-log.  Since  Figs.  87  and  89  are  linear,  energy  and 
power  are  related  to  delay  time  by  power  laws.  Least-squares  fits  to 
Figs.  87  and  89  show  that  energy  is  proportional  to  tp*52  and  that  pow¬ 
er  is  proportional  to  tp--48.  The  correlation  coefficient  of  both 
curves  is  0.998.  The  power  law  dependence  agrees  closely  with  that  in 
the  Wunsch-Bell  model  of  tp-1/2.  ^  pi ot  of  the  Wunsch-Bell  model  (Eq. 

2.1,  with  Tm  the  melting  point  of  silicon)  is  shown  in  Fig.  89.  The 
thresholds  for  experimental  data  lie  about  an  order  of  magnitude  above 
the  Wunsch-Bell  curve,  probably  as  a  result  of  effective  power  dissi¬ 
pated  to  the  n-region,  associated  with  the  efficient  heat-sinking  to 
the  substrate.  The  data  in  Fig.  88  indicate  that  the  current  failure 
thresholds  decrease  as  delay  time  increases. 

7.  Hot  Spot  On  The  n+n  Junction 

Excluding  radius  of  curvature  and  interdigitated  diodes,  a  nonuni¬ 
form  current  distribution  on  the  n+n  junction  was  observed  only  once  in 
over  300  diodes  tested  on  Wafer  2-5.  The  exception  occurred  for  a 
standard  reference  diode  with  an  n-region  length  of  100  pm  and  a  width 
of  200  ym.  A  test  of  this  diode  is  shown  in  Fig.  90.  The  zero  bias 
photograph  is  shown  in  Fig.  90a  and  heating  patterns  at  2,  4,  6,  8,  9, 
and  10  ps  after  the  leading  edge  of  the  10  ps  pulse  are  shown  in  Figs. 
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Pig.  87.  Energy  versus  delay  time  for  diodes  on 
Wafer  2-5  with  straight  p  n  and  n  n  junctions,  an  n- 
region  length  of  30  urn,  and  a  width  of  200  um. 
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Pig.  88.  Current  versus  delay  time  for  diodes 
Wafer  2-5  with  straight  p  n  and  n  n  junctions,  an  n 
region  length  of  30  pm,  and  a  width  of  200  urn. 
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Pig.  89.  Average  power  versus  delay  time  for  diodes 
on  Wafer  2-5  with  straight  p+n  and  n+n  junctions,  an  n- 
region  length  of  30  pm,  and  a  width  of  200  urn. 
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90b-g,  respectively.  Current  and  voltage  waveforms  and  a  post-test  I-V 
characteristic  are  also  shown  in  Fig.  90.  The  p+n  junction  is  the  low¬ 
er  boundary  of  the  n-region  for  each  of  Figs.  90a-g.  Figure  90  may  be 
compared  with  Fig.  24,  which  was  obtained  for  a  diode  of  similar  geome¬ 
try  under  similar  testing  conditions. 

The  p+n  junction  and  n-region  heating  in  Figs.  90b-d  appears  nor¬ 
mal,  but  in  Figs.  90e-g  a  hot  spot  forms  on  the  left  side  of  the  n+n 
junction  and  there  is  uniform  heating  along  the  remainder  of  the  n+n 
junction.  Along  the  p+n  junction  the  heating  is  more  intense  than 
along  the  n+n  junction,  but  there  is  no  hot  spot.  The  voltage  waveform 
also  displays  an  unusual  feature.  A  turnover  occurs  in  the  waveform 
about  halfway  through  the  pulse  and  then  the  voltage  levels  out.  Norm¬ 
ally,  the  turnover  indicates  that  the  diode  is  on  the  verge  of  second 
breakdown;  it  would  not  be  expected  to  survive  the  remaining  three  mi¬ 
croseconds  to  the  end  of  the  pulse.  The  current  level  is  about  78  mA 
in  Fig.  90,  compared  to  70  mA  in  Fig.  24,  but  the  peak  in  the  voltage 
waveform  is  slightly  less.  In  Fig.  24,  the  peak  voltage  is  about  260 
V,  while  the  peak  voltage  in  Fig.  90  is  about  230  V.  Thus,  the  pre¬ 
failure  energy  thresholds  are  not  greatly  different.  Comparison  of  the 
voltage  waveform  shapes  in  Figs.  90  and  24  shows  similarity  until  about 
6  us  after  the  leading  edge  of  the  pulse,  about  2  vs  before  the  hot 
spot  appears.  A  second  test  of  this  diode  at  a  current  level  of  70  mA 
showed  normal  waveform  behavior  and  uniform  heating  along  the  p+n  junc¬ 
tion,  with  no  heating  along  the  n+n  junction.  A  post-test  I-V  charac¬ 
teristic  taken  after  the  tests  described  above  indicated  that  the  diode 
behaved  normally  and  that  no  damage  had  occurred. 
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Thus,  it  is  possible  for  current  constriction  to  exist  along  the 
n+n  junction  of  a  diode,  while  only  uniform  heating  occurs  on  the  p+n 
junction.  However,  this  situation  is  very  unlikely;  based  on  the  sin¬ 
gle  event  in  the  present  study,  the  probability  is  on  the  order  of 
0.003. 


8.  Temperature  Measurements 

A  stroboscopic  photograph  records  the  light  transmitted  through  a 
specimen  during  the  time  of  illumination  by  the  strobe  lamp.  For  the 
highly  doped  diodes  of  Wafer  2-5,  stable  configurations  could  be  ob¬ 
served  below  the  damage  threshold  at  any  position  of  the  strobe  light 
(duration  20  ns)  relative  to  the  applied  10  us  current  pulses.  As 
shown  in  Fig.  91a,  both  the  n-region  and  the  junction  depletion  region 
become  appreciably  less  transmitting.  Just  below  the  breakdown  thresh¬ 
old,  four  temperature  regions  can  be  distinguished:  those  with  no  ob¬ 
servable  temperature  rise  (p+  and  n+  regions  of  the  test  diode  and  the 
transparent  regions  of  nearby  diodes),  partially  darkened  n-region, 
darkened  junction  region,  and  darkened  filaments. 

To  convert  darkness  of  film  to  temperature  required  a  two-stage 
calibration  procedure.  First  the  film  was  calibrated  with  15  different 
exposure  steps.  Then  the  transmittance  of  the  specimen  had  to  be  mea¬ 
sured  as  a  function  of  temperature.  This  was  performed  by  photograph¬ 
ing  the  light  transmitted  through  a  homogeneous  film  of  silicon  0.6  urn 
thick  on  a  sapphire  substrate.  The  calibration  specimen  was  part  of 
the  same  batch  of  material  as  used  in  fabricating  the  devices  and  its 
doping  level  was  that  of  Wafer  2-5.  The  stroboscopic  lamp  was  the 


Fig.  91.  Temperature  measurements,  (a)  Heating 
pattern  in  a  30  x  200  pm  reverse  biased  standard  reference 
diode  on  Wafer  2-5.  (b)  Temperature  map  of  the  filament 

on  the  left  side  of  part  (a)  and  of  the  region  near  this 
filament. 
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light  source  during  both  parts  of  the  calibration  procedure.  Tempera¬ 
ture  was  controlled  by  passing  a  hot  stream  of  argon  gas  about  the 
specimen,  which  was  located  inside  a  steel  cell  with  quartz  windows. 

The  transmitted  light  was  recorded  photographically  on  the  same  film 
(Polaroid  Type  667)  as  used  in  the  exposure  calibration  and  regular  ex¬ 
periments.  A  sequence  of  exposures  was  taken  using  100  flashes  of  the 
strobe  light  for  each  temperature  condition.  The  film  darkening  for 
each  was  then  compared  with  that  of  the  exposure  calibration  of  the 
film  and  the  relative  exposure  versus  temperature  data  plotted  on  semi¬ 
log  paper  (see  Fig.  92).  The  calibration  curve,  however,  could  not  be 
applied  directly  to  estimating  the  temperature  of  the  current  configu¬ 
rations  because  the  diode  fabrication  procedure  involved  steps  that 
thinned  the  silicon  film.  Finished  devices  are  estimated  by  the  group 
that  fabricated  them  to  be  0.4  urn  thick.  If  the  optical  linear  absorp¬ 
tion  coefficient  Is  known  at  one  temperature,  then  the  calibration 
curve  for  the  0.6  um  film  can  be  used  to  obtain  the  calibration  curve 
for  the  0.4  um  thick  devices.  Optical  data  were  obtained  from  Ref.  50 
(a  *  1.05  x  104/cm  at  25  K  for  a  wavelength  of  500  nm)  and  the  0.4  um 
calibration  curve  is  also  shown  in  Fig.  92.  The  ordinate,  which  repre¬ 
sents  relative  exposure,  is  taken  to  be  100  for  both  thicknesses  at 
room  temperature  (25  °C). 

Figure  91b  contains  a  crude  temperature  map  of  the  filament  on  the 
left  side  of  Fig.  91a  and  of  the  region  near  this  filament.  Each  tem¬ 
perature  was  measured  by  comparing  local  film  darkening  with  the  cali¬ 
bration  films  (to  obtain  relative  exposure)  and  then,  with  room  temper- 
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ature  as  a  reference,  using  the  0.4  ym  curve  of  Fig.  92  to  obtain  the 
local  temperature. 

The  peak  temperature  occurs  at  the  base  of  the  filament  and  is  es¬ 
timated  to  be  (480+30)  °C.  The  junction  immediately  adjacent  to  each 
filament  is  cool,  indicating  the  current  is  channeled  into  the  fila¬ 
ment,  and  the  junction  is  non-conducting  adjacent  to  the  filament. 
Figure  91  was  obtained  close  to  the  damage  threshold  with  the  strobe 
light  positioned  at  the  end  of  each  exciting  pulse.  For  the  present 
diodes,  which  have  such  small  mass,  the  final  transition  to  the  de¬ 
structive  melt  occurs  very  rapidly  once  the  filament  reaches  across  the 
n-region.  The  darkening  at  the  base  of  each  of  the  filaments  of  Fig. 

91  is  judged  to  be  the  same,  so  all  are  at  the  temperature  (480±30)  °C. 
If  the  filaments  were  about  200  °C  hotter,  their  self-emission  would  be 
strong  enough  to  be  observed  photographically.  However,  even  with  more 
than  106  excitation  pulses,  no  self-emission  pattern  from  the  filaments 
was  obtained.  This  provides  some  confirmation  on  the  temperature  cali¬ 
bration.  In  the  earlier  experiments  with  films  1  urn  thick,  visible 
light  from  hot  spots  was  photographed.^  The  absence  of  such  visible 
self-emission  near  the  second  breakdown  threshold  is  attributed  to  the 
unusually  effective  heat  sinking  and  the  low  heat  capacity  of  the  pre¬ 
sent  devices. 


VI.  CONCLUSIONS 


The  present  study  extends  the  previous  studies  of  Budenstein  et 
aj_. 18-22  by  exploring  the  role  of  diode  geometry  on  second  breakdown 
susceptibility.  In  the  previous  work,  only  diodes  with  rectangular  ge¬ 
ometries  were  investigated.  The  present  purpose  was  to  extend  the 
knowledge  of  second  breakdown  phenomena,  and  to  determine  how  geometry 
and  doping  level  affect  susceptibility  to  second  breakdown.  The  prin¬ 
cipal  conclusions  of  the  present  study  are  presented  in  this  chapter. 
These  conclusions  are  divided  into  three  general  groups:  heating  pat¬ 
terns  in  Section  A;  energy,  current,  and  voltage  thresholds  in  Section 
8;  and  damage  morphology  in  Section  C.  Since  diode  behavior  was  crit¬ 
ically  dependent  upon  n-region  doping  level,  and  variable  among  similar 
devices,  a  brief  summary  of  device  characterization  is  given  below. 

Resistivity  and  reverse  bias  breakdown  voltage  measurements  were 
used  to  estimate  n-region  doping  level.  These  methods  were  in  agree¬ 
ment  on  Wafer  2-5,  indicating  a  doping  level  of  (1.3  +  .3)  x  1017  cm"3. 
However,  on  Wafer  2-4  resistivity  measurements  indicated  a  doping  level 
of  (1.2  +  .2)  x  1016  cm"3,  while  reverse  breakdown  measurements  indi¬ 
cated  (4  +  2)  x  1016  cm"3.  These  estimations  do  not  overlap,  and  vary 
by  a  factor  of  five,  Indicating  that  at  least  one  is  in  error.  On  Wa¬ 
fers  1-3,  2-2,  and  2-1,  all  resistance  measurements  indicated  a  doping 
level  of  (3  +  2)  x  1014  cm"3,  while  all  reverse  breakdown  measurements 
Indicated  (5  +  4)  x  10^  cm “3.  Thus,  there  appear  to  be  only  three 
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distinct  doping  levels.  In  addition,  the  breakdown  voltages  of  diodes 
on  Wafers  2-1,  2-2,  and  1-3  tend  to  "creep"  upward  during  curve  tracer 
measurements.  This  creeping  of  the  I-V  characteristic  is  to  be  distin¬ 
guished  from  the  damage  caused  by  second  breakdown  and  the  resulting 
melt  filament.  Second  breakdown  is  equivalent  to  placing  a  resistive 
short  circuit  across  the  junctions,  yielding  a  high  reverse  leakage 
current  and  a  large  reduction  in  the  reverse  bias  breakdown  voltage. 

Unless  otherwise  specified,  the  conclusions  of  this  chapter  relate 
to  reverse  biased  diodes  tested  with  10  us  pulses,  and  in  Section  A,  to 
constant  current  tests  of  diodes  with  the  highest  n-region  doping  level 
(Wafers  1-5  and  2-5). 


A.  Heating  Patterns 

1.  Second  breakdown  is  associated  with  the  growth  of  a  hot  spot 
completely  across  the  high  resistivity  n-region  of  the  diode  and  the 
subsequent  formation  of  a  damaging  melt  filament,  regardless  of  whether 
the  junctions  are  straight,  curved,  contain  geometric  defects,  or 
contain  corners.  The  hot  spot  temperature  in  diodes  0.4  urn  thick  is 
about  500  °C. 

2.  Single  or  multiple  hot  spots  may  form  along  the  p+n  junction 
of  a  standard  reference  diode.  These  hot  spots  are  typically  spaced 
nonuniformly  and  have  fixed  positions  in  a  given  diode,  for  the  diodes 
of  the  present  study  (thickness  =  0.4  urn).  However,  in  similar,  but 
thicker  (0.9  ym)  diodes  of  a  previous  study^,  hot  spots  were  almost 
uniformly  spaced  and  their  number  could  be  systematically  increased  by 
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increasing  current  amplitude  and  shortening  pulse  length.  Microscopic 
inhomogeneities  may  determine  current  configurations  in  the  thinner  di¬ 
odes. 

3.  In  a  single  p+n  spike  diode,  a  single  hot  spot  forms  at  the 
tip  of  the  spike.  In  multiple  p+n  spike  diodes  containing  three  large 
spikes,  a  hot  spot  forms  at  the  tip  of  each  large  spike.  Hot  spots  do 
not  form  at  other  locations. 

4.  In  a  single  n+n  spike  diode,  a  single  hot  spot  forms  on  the 
p+n  junction  at  a  point  which  is  usually  opposite  the  spike.  In  multi¬ 
ple  n+n  spike  diodes  containing  three  large  spikes,  there  is  usually  a 
single  hot  spot,  which  forms  opposite  one  of  the  large  spikes.  Howev¬ 
er,  multiple  hot  spots  similar  to  those  in  standard  reference  diodes 
can  form  in  multiple  n+n  spike  diodes. 

5.  Hot  spots  tend  to  form  only  at  the  two  protruding  corners  of 
the  p+n  junction  in  enclosed  reference  diodes.  However,  if  the  junc¬ 
tion  width  is  close  to  the  n-region  width,  then  hot  spot  locations  are 
similar  to  those  in  standard  reference  diodes. 

6.  A  single  hot  spot  forms  in  radius  of  curvature  diodes.  The 
hot  spot  is  situated  at  the  point  on  the  p+n  junction  where  the  p+n  and 
n+n  junctions  are  separated  by  a  minimum  distance. 

7.  Hot  spots  form  on  p+n  junction  corners  in  interdigitated  di¬ 
odes.  Current  concentration  also  occurs  at  the  n+n  junction  corners. 
Thus,  the  highest  current  densities  are  at  the  corners  of  the  p+n  and 
n+n  junctions,  where  field  concentration  and  minimal  n-region  length 


occur. 
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8.  Under  forward  bias,  second  breakdown  is  associated  with  the 
constriction  of  current  into  a  broad  filament  which  extends  most  of  the 
way  across  the  n-region,  and  the  subsequent  formation  of  a  damaging 
melt  filament  interior  to  this  broad  filament. 

9.  Prior  to  filament  formation  under  forward  bias  there  is  a 
narrow  area  adjacent  to  the  p+n  junction  which  is  not  significantly 
heated,  for  diodes  with  n-region  lengths  of  30  urn  or  greater.  This  un¬ 
heated  region  is  typically  5  to  15  pm  in  length. 

10.  Single  or  multiple  filaments  may  form  in  a  forward  biased 
standard  reference  diode,  usually  spaced  nonuniformly.  Single  fila¬ 
ments  form  in  forward  biased  p+n  and  n+n  spike  diodes;  the  filament  ex¬ 
tends  from  the  spike  to  a  point  on  the  opposite  junction.  Single  or 
multiple  filaments  may  form  In  forward  biased  enclosed  reference  di¬ 
odes. 

11.  The  p+n  junction  and  n-region  darkening  at  the  second  break¬ 
down  threshold  is  much  less  Intense  for  diodes  of  Wafer  2-4  with  a  mea¬ 
sured  doping  level  of  (3  +  2)  x  10^6  cm"^.  For  diodes  with  measured 
doping  levels  of  roughly  10*5  cm”3,  the  darkening  is  so  faint  that  it 
is  almost  undetectable.  Reduced  darkening  at  the  second  breakdown 
threshold  occurs  because  silicon  reaches  the  peak  of  its  resistivity- 
temperature  curve  at  lower  temperatures  as  the  doping  density  de¬ 
creases. 

12.  A  hot  spot  may  form  on  the  n+n  junction.  However,  this  was 
observed  only  once  in  over  300  diodes. 

13.  The  current  interval  between  formation  of  a  hot  spot  and  sec¬ 
ond  breakdown  is  typically  about  1%  of  the  total  current  at  failure  for 


standard  reference  diodes.  However,  for  p+n  spike  diodes  the  current 
interval  between  hot  spot  formation  and  second  breakdown  may  be  as  much 
as  10%  of  the  failure  current  amplitude.  On  Wafer  2-4,  this  current 
interval  is  narrower,  less  than  1%  of  the  failure  current  for  both 
standard  reference  and  p+n  spike  diodes.  The  current  interval  between 
hot  spot  formation  and  second  breakdown  for  diodes  on  Wafers  1-3,  2-2, 
and  2-1  is  so  narrow  that  damage  always  occurred  before  hot  spots  were 
observed. 

14.  Almost  any  p+n  or  n+n  junction  irregularity  has  an  effect  on 
current  configurations  near  the  second  breakdown  threshold.  Current 
concentrates  at  p+n  junction  spikes,  opposite  n+n  junction  spikes,  at 
p+n  junction  corners,  at  p+n  and  n+n  junction  corners  of  interdigitated 
diodes,  and  on  curved  p+n  junctions  at  the  point  closest  to  the  n+n 
junction.  However,  metal-p+  and  metal-n+  spikes  have  no  effect  on  cur¬ 
rent  configurations  near  the  second  breakdown  threshold. 

B.  Energy,  Current,  and  Voltage  Thresholds 

1.  The  total  energy  input  at  the  second  breakdown  threshold  in¬ 
creases  approximately  linearly  with  n-region  length  for  both  standard 
reference  and  diffusion  spike  diodes  on  Wafer  2-5,  with  slopes  of  1.6  ± 
.2  yj/ym  for  diode  widths  of  200  ym.  The  5  m  diffusion  spikes  lower 
the  average  failure  thresholds  of  diodes  with  an  n-region  length  of 
10  ym  roughly  50%,  but  the  reduction  is  30%  or  less  for  longer  n-region 
lengths,  with  p+n  spikes  more  effective  than  n+n  spikes  in  lowering 
failure  thresholds.  The  n-region  length  is  more  important  than  dif¬ 
fusion  spikes  in  determining  failure  energy  thresholds  of  diodes  on 
Wafer  2-5,  for  n-region  lengths  greater  than  10  ym. 
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2.  The  current  amplitude  (for  devices  of  the  same  width  and 
parallel  junction  geometry)  at  the  second  breakdown  threshold  is 
largely  independent  of  n-region  length  and  the  presence  of  diffusion 

spikes  for  diodes  on  Wafer  2-5  tested  with  constant  current  pulses. 

9  2 

The  average  current  density  at  the  failure  threshold  is  about  10  A/m 

3.  The  5  urn  diffusion  spikes  lower  the  average  energy  failure 
thresholds  of  diodes  on  Wafer  2-4  with  n-region  lengths  of  10  and 

30  ym  roughly  25-50%.  The  corresponding  current  amplitudes  at 
failure  are  reduced  roughly  5-30%  (constant  current  pulses).  The 
current  density  at  the  failure  threshold  is  typically  (3.5  ±  .5)  * 

108  A/m2. 

4.  The  average  energy  failure  thresholds  of  diodes  on  Wafer  2-1 
with  an  n-region  length  of  10  urn  are  reduced  a  factor  of  1/100  by  the 
presence  of  5  ym  diffusion  spikes.  Such  a  device,  in  a  group  of 
uniform  junction  devices,  would  be  classified  as  a  "maverick."  The 
large  reduction  in  energy  threshold  is  caused  by  punchthrough  of  the 
n-region,  and  indicates  the  vulnerability  to  junction  inhomogeneities 
of  semiconductor  devices  containing  thin  layers  with  low  doping  levels 
However,  punchthrough  is  a  voltage  dependent  effect  and  energy  thres¬ 
hold  data  may  overestimate  its  importance.  The  voltage  failure  thres¬ 
holds  of  10  urn  n-region  length  diodes  are  reduced  about  50%  by  the 
presence  of  5  ym  diffusion  spikes.  The  5  ym  diffusion  spikes  lower 
average  energy  failure  thresholds  of  diodes  on  Wafer  2-1  with  an 
n-region  length  of  30  ym  roughly  50-75%.  The  corresponding  current 
failure  thresholds  are  reduced  50-60%,  with  average  current  densities 
in  the  range  (5  ±  2)  *  10^  A/m2. 


rt  i  M-  a  an 
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5.  Voltage  failure  thresholds  increase  in  an  approximately 
linear  manner  as  n-region  length  increases  for  standard  reference, 
p+n  and  n+n  single  and  multiple  spike,  enclosed  reference,  and  radius 
of  curvature  diodes  for  each  of  the  five  nominal  doping  densities. 

For  standard  reference  diodes,  the  increase  is  2.7  V/pm  on  Wafer  2-5, 
6.0  V/pm  on  Wafer  2-4,  and  (8  ±  2)  V/pm  on  Wafers  1-3,  2-2,  and  2-1. 

6.  Average  current  density  failure  thresholds  for  similar 

14 

geometries  increase  as  the  n-region  doping  level  increases  10  to 
17  -3 

10  cm  ,  while  voltage  failure  thresholds  decrease.  The  current 

-3/4 

threshold  is  approximately  proportional  to  p  '  ,  where  p  is  the  n- 
region  resistivity.  The  effect  of  diffusion  spikes  on  current  thresh¬ 
olds  is  smaller  than  that  of  n-region  doping  level.  However,  the 
increase  in  current  thresholds  is  partially  cancelled  by  the  decrease 
in  voltage  thresholds  in  the  determination  of  failure  energies.  Thus, 
diffusion  spikes  have  a  larger  relative  importance  on  energy  failure 
thresholds  than  on  current  and  voltage  failure  thresholds. 

7.  Voltage  failure  thresholds  increas  as  n-region  length 
increases,  and  as  n-region  resistivity  increases.  This  supports  Reich 
and  Hakim's  conclusion  that  hot-spotting  is  retarded  as  the  product 

of  resistivity  and  thickness  of  the  collector  material  increases. 
Energy  failure  thresholds  increase  as  n-region  length  increases,  but 
decrease  as  n-region  resistivity  increases. 


244 


8.  Under  reverse  bias  constant  current  tests,  a  turnover  in  the 
voltage  waveform  indicates  that  the  diode  is  close  to  the  second  break¬ 
down  threshold. 

9.  There  is  often  wide  variation  in  the  energy  and  current  fail¬ 
ure  thresholds  of  similar  devices  at  the  lower  doping  levels.  However, 
there  is  less  variation  in  the  voltage  failure  thresholds. 

10.  Power  versus  delay  time  follows  the  power  law  dependence  tp~ 
1/2  predicted  by  the  Wunsch-Bell  model  for  diodes  on  Wafer  2-5  with 
straight  p+n  and  n+n  junctions  and  with  n-reglon  lengths  of  30  pm  and 
widths  of  200  pm.  Data  cover  delay  times  between  0.1  ps  and  100  ps. 
Energy  failure  thresholds  increase  as  tpl/2.  Other  geometries  were  not 
Investigated. 

11.  In  the  voltage  threshold  tests,  there  was  often  a  substantial 
difference 'in  the  statistical  distributions  of  failure  voltages  of 
standard  reference,  p+n  spike,  and  n+n  spike  diodes.  In  some  cases, 
the  voltage  two  standard  deviations  above  the  spike  diode  distribution 
was  less  than  the  voltage  two  standard  deviations  below  the  standard 
reference  diode  distribution.  This  suggests  a  simple  screening  tech¬ 
nique  to  eliminate  a  substantial  percentage  of  spike  diodes  from  a 
group  containing  standard  reference  and  spike  diodes:  application  of  a 
single  constant  voltage  pulse  with  an  amplitude  two  standard  deviations 
below  the  mean  failure  voltage  of  the  standard  reference  diodes.  Ap¬ 
proximately  2%  of  standard  reference  diodes  are  destroyed  by  this 
screening  technique  (those  with  abnormally  low  failure  thresholds),  but 
a  larger  percentage  of  spike  diodes  are  destroyed  (in  some  cases,  al¬ 
most  100%).  The  remaining  diodes  are  undamaged.  The  practical  appli- 
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cation  of  such  a  screening  technique  is  discussed  in  Chapter  XIII. 

12.  Spikes  on  the  metal -p+  or  the  metal -n+  junctions  have  no  ef¬ 
fect  on  diode  failure  thresholds. 

j 

C.  Damage  Morphology 

1.  Damage  occurs,  with  greater  than  98%  probability,  by  forma¬ 
tion  of  a  melt  filament  across  the  high  resistivity  n-region  of  the  di¬ 
ode.  The  remaining  diodes  fail  by  damage  to  the  aluminum  metalliza¬ 
tion. 

2.  Filaments  in  standard  reference  diodes  on  Wafers  2-5  and  2-4 
occur  in  random  locations  for  n-region  lengths  of  10  vm,  but  tend  to  be 
grouped  on  one  side  of  the  diode  for  longer  n-region  lengths.  On  Waf¬ 
ers  1-3,  2-2,  and  2-1  filaments  tend  to  lie  along  one  of  the  diode 
edges. 

3.  Filaments  in  p+n  and  n+n  spike  diodes  tend  to  have  one  end¬ 
point  at  the  tip  of  the  spike.  Part  of  the  filament  path  may  lie  along 
the  diode  edges  on  Wafers  1-3,  2-2,  and  2-1. 

4.  Filaments  In  enclosed  reference  diodes  tend  to  have  one  or 
both  endpoints  on  the  protruding  junction  corners,  but  this  tendency 
decreases  with  decreasing  n-region  length.  Part  of  the  filament  path 
may  lie  along  the  diode  edges  on  Wafers  1-3,  2-2,  and  2-1. 

5.  Filaments  In  radius  of  curvature  diodes  are  straight  and  con¬ 
nect  the  p+n  and  n+n  junctions  at  the  points  of  minimum  separation. 

The  threshold  current  density,  as  judged  by  microplasma  emission.  Is 
about  the  same  In  the  region  of  smallest  separation  as  in  uniform  junc¬ 
tion  diodes  with  the  same  separation. 
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6.  Filaments  in  interdigitated  diodes  connect  the  p+n  and  n+n 
junction  corners. 

J 

J 


PART  II.  THEORY 


VII.  BACKGROUND 

Behavior  of  semiconductor  devices  is  generally  believed  to  be  ade¬ 
quately  described  by  the  simultaneous  solution  of  Maxwell's  equations 
and  the  heat  conduction  equation,  with  proper  constitutive  equations. 

In  practice,  the  complex  geometry  of  devices,  need  for  dynamical  solu¬ 
tions,  and  uncertainties  In  the  constitutive  equations  make  rigorous 
solutions  Impossible  for  realistic  situations.  Thus  there  is  need  to 
modify  these  equations  with  appropriate  approximations  that  will  sim¬ 
plify  calculations  and  yet  retain  the  main  physical  characteristics  of 
the  device.  Solutions  must  Include  the  constraints  imposed  by  the  cir¬ 
cuital  environment  of  the  device.  Following  is  a  brief  description  of 
such  efforts. 


A.  Semiconductor  Device  Simulation 
Shockley's  initial  approach  to  pn  junction  theorySl  was  to  divide 
a  one-dimensional  device  having  an  abrupt  metallurgical  transition  from 
p  region  to  n  region  Into  two  distinct  types  of  regions:  those  that 
are  nearly  field-free  (major  portions  of  the  p  and  of  the  n  region)  and 
those  that  are  dominated  by  the  space  charges  of  the  ionized  impurities 
(the  junction  depletion  region).  The  continuity  equation,  with  both 
field  and  diffusion  terms,  was  solved  in  each  field-free  region  for  a 
chosen  junction  current.  In  the  space  charge  region,  Poisson's  equa¬ 
tion  was  solved  with  the  condition  that  the  electric  field  be  continu- 
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ous  at  the  edges  of  the  depletion  region.  Carrier  concentrations  were 
determined  by  Fermi  statistics  with  the  aid  of  quasi -Fermi  levels  for 
holes  and  electrons  in  the  regions  where  both  diffusion  and  field  ef¬ 
fects  were  important.  Various  other  works52,53  performed  along  the 
same  direction  met  with  limited  success.  With  rapid  progress  of  semi¬ 
conductor  technology,  such  simplified  and  largely  intuitive  methods 
proved  to  be  inadequate  for  dealing  with  transistor  geometries  (such  as 
narrow  base  regions)  and  real  doping  profiles  (graded  junctions)  and 
the  need  to  treat  the  device  as  a  whole  became  apparent.  This  could 
only  be  done  by  numerical  solutions.  Over  the  past  decade  or  so,  a 
host  of  numerical  methods  for  the  solution  of  both  one  and  two- 
dimensional  semiconductor  problems  have  been  reported.  Early  treat¬ 
ments  were  isothermal,  with  no  dynamic  temperature  effects. 

Gummel54  developed  a  self-consistent,  iterative  scheme  for  the 
case  of  one-dimensional,  steady-state  transistor  calculations.  His 
work  was  based  on  the  assumption  that  electron  concentration,  hole  con¬ 
centration  and  electric  field  define  the  state  of  the  semiconductor. 

His  basic  equations  are  given  below  in  terms  of  their  normalized  equiv¬ 
alents. 

Gummel,  following  Shockley,  used  quasi-Fermi  levels  for  electrons 
and  holes  as  a  strategy  for  including  field  and  diffusion  effects  in  a 
mathematically  convenient  manner.  Definitions  of  the  quasi-Fermi  po¬ 
tentials  p  and  p  in  units  of  kT/q  are: 
n  p  1 

♦p-<* 

p  =  e 

♦-♦n 


n  ■  e 


(7.1a) 

(7.1b) 
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where 


k  Boltzmann  constant 
T  device  temperature 
q  electronic  charge 
n-j  intrinsic  carrier  concentration 
ip  electrostatic  potential  in  units  of  kT/q 
<Pp  hole  quasi-Fermi  potential  in  units  of  kT/q 
$n  electron  quasi-Fermi  potential  in  units  of  kT/q 
p  hole  concentration  in  units  of  n^ 
n  electron  concentration  in  units  of  nj 
His  expressions  for  current  densities  of  electrons  and  holes,  which  in¬ 
clude  both  diffusion  and  field  terms,  are  (in  units  of  (qD0nj )/I_d) : 

dr 


'p  -  -  JjR  CgjL  P)3  e** 


Jn  -  ?n  [  d  (e“  n)]  e* 


(7.2a) 

(7.2b) 


where 


Jn  electron  current  density 
dp  hole  current  density 
Op  hole  diffusion  constant 
Dn  electron  diffusion  constant 
D0  a  reference  diffusivity 


Lq  a  unit  length  kT  j 

d2ni 


e  permittivity  of  silicon 
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If  recombination  of  minority  carriers  is  taken  into  account,  the  cur¬ 
rent  density  gradients  as  they  occur  in  the  continuity  equation  become: 

(7.3) 


. 

dx 


d£n  =  Ln£_  u 
dx  D0ni 


where 


e  P  "  -  1 


U  =  ni 


-<f>n  4>t  -<i>t 

tp(e  +  e  )  +  Tn(e  +  e  ) 


(7.4) 


Tp  lifetime  of  excess  holes 
tn  lifetime  of  excess  electrons 


energy  level  of  recombi nation  center. 

Poisson's  equation,  relating  electrostatic  potential  to  space  charge 


density,  is  shown  by  Gummel  to  reduce  to 

^-4>n  4>p“»P 


d 


-  e 


N 


(7.5) 


where 

N  ionized  impurity  concentration  in  units  of  n^, 
positive  for  donors  and  negative  for  acceptors. 
Determinations  of  <j>p  and  <t>n  were  made  from  t  by  considering  Eq.  7.2. 

For  <fi0 

(7.6) 


JL  (e  P)  =  .  Jp  Y  p®^ 
dx 


where 

Y  p  *  Do/Op 

Integrating  Eq.  7.6 

p(x) 


*  /  vJD(t)YD(t)e'p(t)  dt  +  constant 


(7.7) 
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By  finding  proper  values  for  Jp  and  the  constant  of  integration  such 
that  4>p  has  the  correct  value  at  the  boundaries,  $p  is  completely  de¬ 
termined.  Likewise,  4>n  can  be  determined.  His  iteration  scheme  con¬ 
sisted  of  choosing  a  current  density  and  making  an  initial  guess  at  the 
electrostatic  potential,  calculating  hole  concentration  using  Eqs.  7.7 
and  7.5  and  then  obtaining  a  new  and  better  approximation  for  the  elec¬ 
trostatic  potential  from  Poisson's  equation  and  hole  concentration  from 
the  previous  step.  Continued  iterations  of  the  above  scheme  were  car¬ 
ried  out  until  the  required  convergence  was  obtained.  Even  though  Gum- 
mel's  work  was  later  found  to  be  inadequate  for  high  reverse-bias  con¬ 
ditions,  it  still  forms  the  foundation  of  numerous  other  semiconductor 
device  simulation  techniques. 

De  Mari55  extended  Gummel's  work  to  solve  the  case  of  high 
reverse-bias  conditions.  The  equations  used  are  shown  below,  with  all 
quantities  normalized  as  in  Gummel. 


JnM  =  \  [»»(*)  d^(x)  -  dn(x)]  (7.8a) 

y^[xT  dx  dx 

Jp(x)  =  1  [P(x)  d»(x)  +  dp(x)]  (7.8b) 

Yp(x)  dx  dx 

d^^x)  =  n(x)  -  p(x)  -  N ( x )  (7.9) 

dv3n(x)  =  -  U(x)  (7.10a) 

dx 

dJp(x)  =  U(x)  (7.10b) 

dx 


Equations  7.10a  and  7.10b  imply  that 

dd  =  0,  and  0  «  Jn(x)  +  JD(x) 
dx  H 


(7.11) 
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where 


J  total  current  density 
U  generation-recombination  law 


1  electron  mobility 
Yn 

1  hole  mobility 
YP 

The  model  was  suitable  for  arbitrary  doping  profiles,  generation- 
recombination  laws,  mobility  dependencies  and  boundary  conditions.  De 
Mari  also  treated  a  one-dimensional  pn  junction  under  arbitrary  tran¬ 
sient  conditions  using  the  time-dependent  version  of  the  same  equa¬ 
tions.  Thus,  given  an  arbitrary  current  or  voltage  input  signal  as  a 
function  of  time,  field  and  related  quantities  were  obtained  as  func¬ 
tions  of  both  time  and  position6**.  Later,  a  finite  difference  approxi¬ 
mation  was  used  by  Scharfetter  and  Gummel  for  the  one-dimensional  tran¬ 
sient  case6?.  Various  other  one-dimensional  models  treated  special 
situations,  such  as  diffused  junctions66,  heavy  recombination  rates6^, 
and  bipolar  semiconductor  devices66.  Also  worth  mentioning  is  a  very 
efficient  and  general  program  devised  by  Hachtel ,  Joy  and  Cooley61  for 
bipolar  device  modelling,  design  and  performance  projection.  All  of 
the  above  were  isothermal  solutions. 

An  iterative  scheme  based  on  Gummel's  first  work  was  extended  to 
two-dimensional  dc  transistor  simulation  by  Slotboom6?.  Vandorpe  and 
Xuong66  devised  a  model  valid  for  any  two-dimensional  semiconductor  de¬ 
vice  and  obtained  results  for  MOS  transistors,  bipolar  transistors,  and 
pn  junctions  that  are  very  reliable.  The  set  of  transport  equations 
they  used  Included  surface  effects  and  was  workable  even  under  condi- 
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tions  of  high  applied  voltages.  Similarity  of  semiconductor  transport 

flow  equations  with  those  of  incompressible  liquids  gave  rise  to  a  new 

solution  of  the  time-dependent  semiconductor  transport  equations  that 

64 

is  especially  suitable  for  FETs. 

Reiser,65  and  Lee,  Lomax  and  Haddad66  have  written  review  articles 
of  existing  literature  on  semiconductor  device  simulation  techniques. 
More  recently,  calculations  that  predict  the  internal  behavior  of  power 
transistors  operating  under  steady-state  but  non-isothermal  conditions 
have  been  published.6^  Proceedings  of  a  conference  on  modeling  semi¬ 
conductor  devices,  held  recently  (1977)  in  Switzerland,  provides  a  good 

CO 

indication  of  current  progress  in  this  field. 

B.  Current  Fi lamentation 

Current  filamentation  is  a  phenomenon  in  which  a  region  having 
relatively  uniform  current  density  switches  so  that  the  current  density 
becomes  very  non-uniform,  with  one  or  more  localized  highly  conducting 
channels. 

Tauc  and  Abraham69  noticed  heavy  currents  through  hot  gaps  in  the 
potential  barrier  while  investigating  thermal  breakdown  in  avalanching 
silicon  pn  junctions.  They  concluded  that  the  switching  on  the  junc¬ 
tion  from  normal  avalanche  breakdown  into  the  higher  conductance  state 
was  caused  by  the  high  temperature  at  a  small  part  of  the  junction. 

The  potential  acre  the  local  hot  spots  was  assumed  to  drop  to  zero, 
allowing  a  large  current.  The  major  part  of  the  device  current  passed 
through  the  gap  and  provided  the  necessary  Joule  heating  needed  to 
maintain  the  high  temperature.  They  assumed  that  normal  avalanche 


breakdown  can  lead  to  this  kind  of  breakdown  if  it  is  energetically 
more  economical. 


The  first  conclusive  experimental  evidence  of  filament  formation 
was  shown  by  Melingailis  and  Milnes.^  Doped  germanium  bars  at  liquid 
helium  temperature  (to  keep  thermal  energy  low  in  comparison  with  im¬ 
purity  activation  energy)  of  4.2  K  were  pulsed  with  5  ps,  low  repeti¬ 
tion  rate,  constant  voltage  pulses.  Increase  of  current  after  ioniza¬ 
tion,  a  gradual  voltage  rise  and  an  eventual  saturation  of  the  current 
at  high  fields  were  noted.  They  concluded  that  filament  diameter 

changes  with  density  of  uncompensated  impurities  (ND  -  N^)  and  also 

25 

with  current.  Ridley  discussed  fi lamentation  from  the  standpoint  of 
irreversible  thermodynamics  and  analyzed  the  conditions  for  both 
current-controlled  and  voltage-controlled  specific  negative  resistance 
in  a  slab  of  material  that  was  initially  electrically  isotropic.  He 
pointed  out  that  a  differential  negative  resistance  causes  instability 
in  the  material  and  the  material  splits  into  regions  of  different  elec¬ 
trical  conductivity  in  an  attempt  to  reach  stability.  Subsequent  for¬ 
mation  of  current  filaments  (high-field  regions  in  the  case  of  voltage- 
controlled  negative  resistance)  then  creates  stable  states.  The  state 
having  the  least  Joule  heating  is  the  preferred  one  out  of  all  the 
electrically  possible  states.  This  preference  eventually  leads  to  op¬ 
timum  sizes  for  filaments.  Various  other  studies  involve  such  diverse 
topics  as  prediction  of  stable  current  filaments  in  avalanching  p  - 
i  -  n  diodes,^  realistic  modeling  of  P+  -  n  -  n+  diodes  to  study  the 

influence  of  device  parameters  on  current  density  at  which  negative  re- 
72 

si  stance  sets  in,  filament  current  density  profiles  and  total  filament 


J 
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current  as  a  decreasing  function  of  the  applied  voltage  in  avalanching 

p+  -  i  -  n+  diodes^  and  rapid  and  reversible  transition  between  highly 

23 

resistive  and  conductive  states  effected  by  an  electric  field. 

73 

Barnett  and  Milnes  were  the  first  to  observe  space-charge  limited 
current  filaments  in  single  crystal  silicon  experimentally.  A  compre¬ 
hensive  chapter  on  current  filamentation  in  semiconductors  has  been 
24 

written  by  Barnett. 
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In  another  study  by  Wilson,  Hill  and  Mathews  tne  method  of 

finite  elements  has  been  applied  to  analyze  two-dimensional  currents 

in  a  pn  junction  before,  during  and  after  second  breakdown.  Special 

operating  conditions,  such  as  current  crowding,  can  be  included  in 

this  procedure.  However,  the  method  was  not  actually  utilized  in 

calculations  because  of  its  complexity.  Specific  studies  have  also 

been  made  in  various  other  areas  such  as  filamentation  in  homogeneous 

19 

thin  silicon  films,  second  breakdown  and  current  distribution  in 
2 

transistors,  avalanching  and  second  breakdown  current  distribution  in 

SOS  diodes,^  single  and  multiple  filaments  in  SOS  diodes  during 
20 

second  breakdown.  Formation  of  high-current  filaments  in  GaAs 

75 

IMPATT  diodes  have  been  in  directly  shown  by  Olson  to  be  a  natural 
consequence  of  operation  in  a  negative  resistance  region.  Another 
simple  two-dimensional  thermal  model  of  an  avalanche  diode  chip,  put 
forth  by  the  same  author,  produces  current  filaments  as  stable  current 
distributions.^  It  also  yields  temperature  profiles  across  the  chip 
area  with  a  local  temperature  rise  high  enough  to  melt  silicon  (m.  p. 
1683  K). 
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From  the  above  review,  it  is  apparent  that  in  the  past,  simplifi¬ 
cations  have  been  made  by  focussing  attention  on  a  restricted  aspect 
of  the  overall  problem.  Each  of  the  special  solutions  has  provided 
some  special,  useful  insight.  None,  however,  have  been  sufficiently 
wide  in  scope  to  give  the  desired  broad  perspective. 

In  this  study,  a  comprehensive  model  for  describing  current  fi la¬ 
mentation  in  planar  (silicon-on-sapphire)  p+  -  n  -  n+  diodes  is  pre¬ 
sented.  The  intent  of  the  model  is  to  provide  improved  perspective  on 
the  role  of  junction  irregularities,  n-region  length  and  doping  density 
on  current  configurations  under  reverse  or  forward  biases.  The  model 
can  be  applied  for  different  circuital  constraints  and  it  yields  device 
waveforms,  temperature  distributions,  and  other  detailed  information. 

The  model  is  an  outgrowth  of  one  developed  by  Pontius,  Smith  and 
20 

Budenstein  to  describe  current  fi lamentation  in  a  thin  homogeneous 
silicon  film  on  a  sapphire  substrate. 


.  .  *  d 


VIII.  ELECTROTHERMAL  MODEL  FOR  CURRENT  FI  LAMENTATION 
The  proposed  electrothermal  model  seeks  to  describe  filament  growth  in 
p+  -  n  -  n+  SOS  diodes  subjected  to  high  amplitude  pulses.  The  model 
is  applicable  to  forward  and  reverse  biases,  to  different  circuital 
constraints,  and  different  device  parameters.  In  the  present  work,  the 
model  will  be  applied  to  diodes  having  straight  junctions  and  junctions 
with  spikes  subjected  to  reverse  bias  constant  current  pulses  of  1-15 
us  duration. 

A.  Diode  Configuration  for  Model 
For  purposes  of  calculations,  the  SOS  diode  Is  divided  into  re¬ 
gions  as  shown  In  Fig.  93.  Four  principal  regions  can  be  distin¬ 
guished:  p+  region,  p+  n  depletion  region,  n  region,  and  n+  region. 

The  width  of  the  diode  Is  divided  Into  N  uniform  strips  that  run  the 
length  of  the  diode.  Each  strip.  In  turn,  is  subdivided  into  M  seg¬ 
ments,  as  Indicated  in  Fig.  94a.  The  p+  and  n+  portions  of  each  strip 
are  taken  to  be  single  segments  because  their  high  electrical  conduc¬ 
tivities  preclude  appreciable  thermal  effects  during  the  conditions  of 
concern  here.  Each  strip  has  its  n  region  divided  into  many  small  seg¬ 
ments.  The  segment  adjacent  to  the  p+  n  interface  is  the  junction  de¬ 
pletion  region.  The  subscript  j  is  used  to  identify  the  strips  and  the 
subscript  k  is  used  to  identify  the  segments. 
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(b) 


Fig.  94.  Division  of  the  diode  into  elements.  (a)  Longitudinal 
strips  are  identified  by  the  index  j.  Each  of  the  j  strips  is  sub¬ 
divided  into  M  segments,  which  are  specified  by  the  index  k. 

(b)  Electrical  network  employed  in  the  electrothermal  model  to 
represent  the  diode. 
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B.  Equations  of  the  Model 

The  depletion  region  is  governed  by  Poisson's  equation,  continuity 
equation  and  the  related  constitutive  equations.  These  equations,  when 
solved  with  proper  boundary  conditions,  yield  the  junction  voltage  as 
functions  of  current  density  and  temperature.  Due  to  the  importance  of 
this  region  in  the  overall  electrothermal  model,  all  of  Chapters  IX  and 
X  are  devoted  to  solving  and  analyzing,  respectively,  the  problem  of  a 
one-dimensional  p+  n  junction.  Thus,  throughout  the  remainder  of  this 
chapter,  the  junction  voltage  is  assumed  to  be  a  known  function  of  cur¬ 
rent  density  and  temperature. 

The  properties  of  the  junction  and  of  the  other  segments  are  tem¬ 
perature  dependent.  The  proposed  electrothermal  model  is  solved  by 
means  of  a  two-step  progression,  each  time  step  requiring  first  the  so¬ 
lution  to  the  electrical  problem  and  then  the  thermal.  At  time  t=0, 
the  temperature  of  all  parts  of  the  diode  is  assumed  constant  and  set 
equal  to  that  of  the  substrate. 

A  one-dimensional  description  is  used  for  the  electrical  conduc¬ 
tion  In  each  strip.  (Thus  the  present  model  does  not  include  the  ef¬ 
fect  of  the  spreading  resistance  associated  with  current  lines  converg¬ 
ing  on  a  junction  hot  spot.)  An  electrical  network  is  used  to  repre¬ 
sent  the  reverse  biased,  subdivided  diode  of  Fig.  94a,  as  shown  in  Fig. 
94b.  A  step  current  is  applied  at  time  t  *  0.  Initially,  the  current 
divides  equally  among  all  the  strips  as  the  temperature  is  the  same  in 
all  strips.  The  sum  of  the  currents  in  all  of  the  strips  must  add  up 
to  the  total  current  Itot  at  all  times, 

i. 

\ 
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hot  s  l  Ij  (8-D 

j=l 

At  every  instant  of  time,  the  voltage  across  any  strip  of  the  diode 
must  be  the  same  as  that  across  any  other  strip  and  equal  to  the  term¬ 
inal  voltage  V^0^.  The  terminal  voltage  is  a  function  of  time  because 
of  changes  in  the  electrical  properties  of  the  system  with  temperature. 

Vi  =  V2  = .  3  Vj  *  Vj+i  = . =  Vtot  . 

where  the  voltage  across  the  jth  strip  is 

M 

Vj  -  (Vjun)j  +  Ij  I,  Rj.k  (8.2) 

k=l 

Here  is  the  resistance  of  the  kth  segment  of  the  jth  strip  and 
(Vjun)j  is  the  voltage  across  the  junction  of  the  jth  strip  and  is  ob¬ 
tained  as  delineated  in  Chapter  IX. 

The  thermal  portion  of  the  problem  is  solved  by  equating  the  in¬ 
crease  in  Internal  energy  in  each  small  segment  to  the  algebraic  sum  of 
the  heat  added  to  that  element  from  the  four  surrounding  elements,  the 
substrate  and  the  Joule  heating  of  the  segment  during  the  previous  time 
interval  (Eq.  8.3). 

cj,k  mj,k  ^  Tj  ,k  3  AQj.ic 

*  AQj,k+l;j,k  +  A(Jj,k-l;j,k 
+  %H,k;j,k  +  ^j-l,k;j,k 
+  AQs;j,k  +  R  j  ,k 

where  cjti<  specific  heat  capacity  of  silicon 


(8.3) 


mj^  segment  mass 

ATj j|t  increase  in  temperature  of  segment  (j,k)  during  time 
interval 

AQj,k  ^eat  added  to  segment  (j,k)  during  time  interval 
Here  the  heat  added  to  the  element  j,k  by  element  j,k+l  is  designated 
as  AQj,k+l;j,k‘  Thus,  the  first  four  terms  on  the  right  hand  side  of 
Eq.  8.3  represent  the  heat  gained  by  the  j,k  segment  from  its  four 
nearest  neighboring  strips.  The  fifth  term  is  the  heat  added  (nega¬ 
tive)  to  the  element  j,k  from  the  substrate,  while  the  last  term  ex¬ 
presses  Joule  heating.  The  heat  transfer  to  the  substrate  will  be  dis¬ 
cussed  further  in  the  next  section. 

The  functional  form  of  the  lateral  heat  exchange  terms  on  the 
right  hand  side  of  Eq.  8.3  is  based  on  the  expression  for  one- 
dimensional  heat  conduction,  i.e., 

AQj,k+l;j,k  *  Ksi(T)  Aj^+ljj.k  ~  Tiik  (8*4) 

axj  fk+1 ;  j ,k 

where 

Ksj (T)  thermal  conductivity  of  silicon 

Aj,k+l;j,k  cross  sectional  area  for  heat  transfer  from  element 
j ,k+l  to  element  j ,k 

Axj ,k+l ;j ,k  effective  distance  between  elements  j,k+l  and  j,k 
T j ,k+l  “  Tj,k  temperature  difference  between  the  j,k+l  and  j,k 
elements. 

Thus,  for  example,  to  calculate  AQj,k+l;j,k»  the  area  Aj,k+ljj,k  w-i11 
be  the  product  of  film  thickness  and  the  length  of  the  side  common  to 
elements  j,k+l  and  j,k.  Axj,k+l;j,k  taken  to  be  approximately  the 


center-to-center  distance  between  elements  j,k+l  and  j,k.  In  practice, 
there  is  a  very  delicate  balance  among  the  terms  in  Eq.  8.3  and  it  is 
necessary  to  select  the  ax's  properly.  Experiments  provide  guidance  on 
this  selection.  In  diodes  having  a  thickness  of  0.6  pm  and  element  di¬ 
mensions  of  4  pm  by  4  pm,  =  2.4  (pm)2  and  Axj.k+ijj.k  * 

2  pm. 

Thermal  conductivity  of  a  material  is  a  decreasing  function  of 
temperature.  The  experimental  thermal  conductivity  data  plotted  in 
Fig.  95,  taken  from  Ref.  77  for  silicon  and  Ref.  78  for  sapphire,  were 
used  in  the  present  computer  program. 

The  edge  of  the  device  is  assumed  to  stay  at  constant  temperature. 
This  leads  to  a  temperature  gradient  between  the  longitudinal  strips. 

An  additional  temperature  gradient  arises  along  each  strip  because  of 
the  thermal  dissipation  at  the  junction  (reverse  bias  condition)  and 
the  higher  resistivity  of  the  n  region  compared  to  that  of  the  p+  and 
n+  regions. 

Thus,  to  summarize  the  overall  approach  taken  in  solving  the  elec¬ 
trothermal  problem,  the  following  steps  are  executed. 

(1)  Set  all  elements  (j,k)  equal  to  the  substrate  temperature 

V 

(2)  Assume  a  trial  current  distribution.  For  the  case  of  uniform 
initial  temperature  and  the  geometry  of  Fig.  93,  the  current 
divides  equally  among  the  N  strips.  For  a  non-uniform 
Initial  temperature  configuration,  the  trial  current  density 
Is  the  starting  point  for  an  Iterative  procedure  to  estab¬ 
lish  the  current  distribution. 


THERMAL  CONDUCTIVITY,  WATX5/M- 
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Fig.  95.  Thermal  conductivities  of  silicon  and  sapphire  as 
functions  of  temperature.  (Ref.  77,  78) 
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(3)  Solve  for  thermal  effects  by  calculating  the  heat  added  to 
each  element  from  its  four  nearest  neighbors  and  the  sub¬ 
strate,  and  the  Joule  heating  of  the  element.  Thus  the  tem¬ 
perature  of  each  element  is  modified  and  the  device  exhibits 
a  new  temperature  profile. 

(4)  Compute  the  material  parameters  for  each  element  at  the  new 
temperature. 

(5)  Obtain  a  new  current  distribution  in  the  strips  using  the  ma¬ 
terial  properties  of  the  new  temperature  distribution.  An  it¬ 
erative  procedure  is  used  to  obtain  the  new  current  distribu¬ 
tion. 

(6)  Repeat  steps  (3)  through  (5),  in  that  order. 

(7)  Terminate  the  solution  at  the  end  of  the  desired  pulse  length, 
or  when  a  portion  of  the  device  reaches  the  melting  point,  or 
when  the  solution  becomes  unstable  due  to  the  extremely  rapid 
growth  of  current  filaments  during  the  time  increments  pre¬ 
scribed. 

C.  Discussion  of  Substrate  Heat  Flow  Term 

Amongst  all  the  terms  in  the  above  energy  exchange  equation  (Eq. 
8.3),  the  substrate  heat  transfer  term,  AQs.j>k,  is  the  most  complex 
and  requires  a  detailed  discussion.  Below  is  an  approximate,  but 
believed  to  be  physically  meaningful,  method  for  calculating  this  term. 

Heat  transfer  rate  to  the  substrate  is  given  by 

(d£)s;j,k  s  "  Ksa(T)  As;j,k  (ijl)s;j,k  (8«5) 

dt  dz 


i 


where 


z  space  coordinate,  with  the  sapphire-silicon  interface 

located  at  z=0,  and  the  sapphire  being  in  the  region  of 
positive  values  of  z. 

Ksa(T)  thermal  conductivity  of  the  sapphire  substrate 
(temperature  dependent) 

AS ; j ,k  area  across  which  heat  flows  from  element  j,k  into  the 
substrate 

(dT?g; j ,k  temperature  gradient  evaluated  at  the  interface  of 
dx  ’ 

element  j,k  and  the  substrate. 

The  term  aQs.  j ^  of  Eq.  8.3  is  then 

AQs;j,k  3  "  Ksa(T)  As;j,k  (i!I)s;j,k  (8.5a) 

dz 

The  difficulty  arises  in  accurately  determining  the  quantity 
(dT/dx)S; in  Eq.  8.5a.  Various  investigators  (79,80)  have  circumvent¬ 
ed  this  problem  by  using  an  alternative  expression  to  Eq.  8.5a,  such  as  a 
simple  law  of  cooling, 

da  =  -  AT  (8.6) 

dt  9r 

where  9r  is  a  constant  called  the  thermal  resistance  and  aT  is  the  tem¬ 
perature  of  the  element  at  the  surface  minus  the  temperature  of  the  in¬ 
finite  substrate  far  from  the  surface.  Comparison  of  Eqs.  8.6  and  8.5 
shows  that  9r  =  az/KA,  where  z  is  to  be  chosen  so  that  aT/az  is  the  prop¬ 
er  temperature  gradient.  However,  in  a  time  dependent  situation,  there 
Is  no  single  ax  that  will  provide  the  correct  temperature  gradient  for 
all  times,  so  that  Eq.  8.6  is  incapable  of  properly  describing  the  heat 
transfer  to  the  substrate. 
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Carslaw  and  Jaeger^!  have  discussed  the  problem  of  linear  heat 
flow  Into  a  semi -infinite  solid  when  the  surface  temperature  is  a  known 
function  of  time  (4>(t))  and  the  interior  Is  initially  at  temperature  T 
*  0.  The  assumption  is  made  here  that  the  direction  of  heat  flow 
within  the  substrate  is  perpendicular  to  the  diode  surface  at  each 
segment  and  that  heat  transfer  can  be  described  by  the  one-dimensional 
heat  conduction  equation, 

3T*X(T)32T  (8.7) 

3t  3*2? 

where  x  is  the  thermal  dlffusivlty. 

The  spatial  dependence  of  the  thermal  diffusivity  is  not  Included 
in  Eq.  8.7.  However,  the  temperature  dependence  of  the  thermal  diffu¬ 
sivity,  taken  from  Ref.  82  and  shown  graphically  in  Fig.  96,  is  incor¬ 
porated  in  the  computer  program.  Equation  8.7,  with  the  boundary  con¬ 
ditions  given  In  Eq.  8.8,  determines  the  temperature  profile  in  the 
substrate  beneath  each  segment  at  each  instant. 

At  time  t  =»  0,  T  *  0  for  all  z  >  0 

*  (8.8) 

and  T  *  ${t)  at  z  *  0 

Notice  that  T  is  the  temperature  measured  with  respect  to  that  of  the 
substrate  at  t  *  0.  T  will  be  referred  to  as  the  "relative  tempera¬ 
ture".  The  solution  to  the  above  equation  (Ref.  83)  in  the  Interior 
Is 

t 

T  *  /  $(X)  _3_  F(z  t-X)  dA  , 
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Fig.  96.  Thermal  diffusivity  of  sapphire  as  a  function 
of  temperature.  (Ref.  77) 
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F(z,t-x)  *  2  /  e  d£ 

,1/2  5o 


50  ■  (l/2)[«(t-  j)]-l/2 

In  this  case 


Jl  F(z.t-x) 
at 


_ Z-  _  exp  (-22/(4  (t-x))) 

2MMm2 


The  expression  for  T  becomes 


T 


2'CxlW2 


/ 

o 


exp  -  z2  1 

4>(a)  L  4  (t-x)J  dx 

(t-A)3/2 


Putting 


2  C  xTt-x)!1'4 

we  have 


t-X*  z2 

4  x  w  2 


and 

T  *  2TT-1/2  / 
u 

where 

»0  *  (z/2)  (  X  t)"l/2 

In  the  electrothermal  problem,  the  function  4> jk (t )  Is  different 
for  each  segment  and  Is  determined  for  each  segment  only  as  the  solu¬ 
tion  develops.  Further,  the  shape  of  this  function  is  different  for 
different  segments.  However,  the  storage  of  $jk(t)  for  each  segment 
and  subsequent  evaluation  of  the  temperature  gradient  at  the  surface 


270 

increases  substantially  the  memory  requirements  and  greatly  Increases 
the  computation  time  of  the  program.  In  the  present  computer  program. 


the  device  has  been  divided  Into  segments  that  form  a  51  x  9,  two- 
dimensional,  double  precision  array.  Thus,  for  a  pulse  of  10  us  dura¬ 
tion  and  time  step  of  10-8  Sj  determination  of  4>jk(t)  exactly  for  each 
segment  at  every  time  step  requires  storage  of  1000  additional  51  x  9 
arrays.  On-line  disk  storage  of  such  a  large  number  of  arrays  alone 
would  require  about  3.6  Mb  of  computer  memory  as  opposed  to  the  256Kb 
actually  used.  Likewise,  computation  time  would  be  considerably  in¬ 
creased  due  to  the  additional  numerical  integrations  that  would  have  to 
be  performed  on  each  segment  at  each  time  step.  Thus,  an  approximation 
scheme  has  been  developed  for  evaluating  <j><  |<(t). 

The  functional  form  for  4>j|<(t)  will  be  assumed  to  be  the  same  for 
all  segments  and  all  times.  The  function  <t>jk(t)  used  at  time  step 
n  (n=1nteger)  is, 

t  <  0  *jk,n(t)  =  0 

(8.10) 

0  <  t  <  n  ♦jk.n(t)  *  (bjk,n)t 

where  bjk>n  Is  chosen  differently  for  each  segment  and  each  time  inter¬ 
val  (see  Fig.  97).  Time  dependence  of  the  temperature  function 
I’jk.nU)  quite  complex  and  has  to  be  approximated  If  solutions  are 
to  be  obtained  within  reasonable  CPU  time  and  with  modest  core  usage. 
The  linear  dependence  Is  chosen  because  of  its  ability  to  approximate 
both  the  gradual  rise  and  gradual  fall  of  segment  temperatures  by  an 
equivalent  change  In  the  slope  bjk>n  of  the  $jk(t)  -t  curve.  This  Is 


U/2  '3  TIME 


Fig.  97.  Schematic  diagrams  to  show  the  effect  of  the  linear 
approximation  to  $(t)  in  the  n  regions  of  current  strips  at  (a)  a 
filament  site,  (b)  an  intermediate  strip,  and  (c)  a  strip  near  the 
edge.  The  true  $(t)  is  labelled  $(t)true  ,  while  the  surface 
temperature  calculated  in  the  course  of  the  solution  is  labelled 
$(t)calc  *  Tbe  *inear  functions,  ■  b^t,  $ 2  “  ^t,  an<*  $3  *  b3c 
are  the  approximations  used  at  times  ti  ,  t£  and  t3  ,  respectively 
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illustrated  In  Fig.  97  for  two  segments,  jk  and  j'k'.  The  temperature 
of  segment  jk  increases  with  time  while  the  temperature  of  j'k*  in¬ 
creases  and  then  decreases.  The  different  approximate  functions  are 
shown  graphically.  The  slope  bj|<>n  is  selected  for  segment  j,k  at  time 
m  by  the  expression 


bjk,n  *  (8*11) 

nt 

where  t  is  the  size  of  the  time  Interval  employed  in  the  solution,  n  is 
the  number  of  the  particular  time  Interval,  Tj|<>n  is  the  temperature  at 
time  nt  of  segment  j,k,  and  T.  is  the  relative  substrate  temperature 
deep  Inside  the  semi -infinite  substrate.  Then  the  surface  temperature 
will  have  the  form 


♦jk.nU)  a(bjk,n)t  *  Jjk,n.  -.I;)1 

nx 


(8.12) 


Thus,  If  <t»(t)  Is  chosen  to  be  a  linear  function  of  time,  then  an 
analytical  expression  can  be  obtained  for  the  temperature  gradient  and 
Eq.  8.9  becomes,  for  ${t)  *  bt 


T  -  *(t) 


(1  +  jz£)  erfc 
2xt 


z  z  exp  ( 

7TxTF/2  T^TtW2 


z£_) 

Txt 


*  44>(t)  l2  erfc  z 

TTxTJT/z 


*  4  bt  12  erfc  z 

(4  Xt)l/2 


(8.13) 
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where 

erfc  w  =  1  -  erf  w 

2 

l2  erf  w  =  1_  [(1  -  erf  w)  -  2w(_l  e“w  -  w  +  w  erf  w) 3 
4  7172 

w  2 

erf  w  = _ 2  /  e_c  dc 

The  derivative  of  Eq.  8.13  with  respect  to  z  when  evaluated  at  z  -  0 
gives  the  desired  temperature  gradient  for  computing  the  substrate  heat 
transfer.  Thus,  for  a  particular  segment  j,k, 


(ijL)s;jfk 

dz 


at  surface  =  -  24> jk  (t ) 
z  =  0  (irxtJi/2 


(8.14) 


On  close  Inspection  of  Eq.  8.12,  it  will  be  apparent  that  a  predicament 
exists  in  the  actual  determination  of  the  temperature  function  4>jk(t). 
At  time  step  n,  Tjk>n  Is  known  from  the  previous  computing  cycle.  To 
determine  Tjk>n+i  at  the  time  step  n+1  requires  evaluation  of  the  heat 
transfer  terms  during  the  time  Interval  n  to  n+1.  These  terms  require 
the  temperature  gradients  during  the  n  to  n+1  time  interval.  A  two- 
step  procedure  was  developed  for  approximating  bjk>n  and  for  determin¬ 
ing  the  temperature  distribution  from  the  previous  temperature  distri¬ 
bution  and  new  current  distribution.  This  procedure  will  now  be  given. 
To  obtain  the  thermal  solution  at  time  (n+l)x,  it  is  assumed  that  the 
electrical  solution  and  temperature  distribution  are  known  at  time  nx. 
An  approximation  to  the  temperature  change  during  time  interval 
(n+l)x  -nx  Is  obtained  for  each  diode  segment  by  using  Eq.  8.3  with 
the  current  obtained  In  time  step  nx  and  the  temperatures  of  that  time 
step.  This  Is  used  to  compute  an  approximate  temperature  change  for 
each  element,  as  Indicated  In  Eq.  8.15. 
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cj»kmj,k  AT'j,k  =  AQ'j.k 

*  1 j2Rj  »kT  +  4Qs;j,k  +  4Qj,k+l;j,k 

+  A(Jj,k-l;j,k  +  AQj+l,k;j,k  +  AQj-l,k;j,k  (8.15) 

AT’ jfk  *  AQ'j.k  (8.15a) 

cj.kmj,k 

From  this,  a  revised  temperature  is  estimated  for  each  element 

T'jk,n+1  =  Tjk,n  +  AT‘j,k  (8*16) 

The  new  time  dependent  relative  temperature  at  the  surface  j ,k ;n+l »  is 
calculated  next 

*jk,n+l(t)  *  bjk»n+l  *  (8.17) 

where 


bjk,n+l  3  T'jM+l  -_T. 

(n+l)x 

Then  from  Eqs.  8.17,  8.14  and  8.5a,  the  substrate  heating  term  at  the 
time  (n+l)x  takes  on  the  form  given  below 

UQs;j,k)n+l  »  -2  Ksa(T)AS;j,k  (T/JK.n+l  -  T-)t  (8.18) 

(ir  X  t)1/2(n+l)x 

The  approximate  temperatures  T * ,n+l  f°r  eacb  segment  as  obtained 
with  Eq.  8.16  are  used  In  Eq.  8.3  for  evaluating  the  lateral  heat 
transfer  terms.  Thus,  Eq.  8.3  yields  for  each  j,k  element  a  new  aTj^. 
The  temperature  of  the  j,k  element  at  time  (n+l)r  is  taken  to  be 
Tjk,n+1  ■  Tjk,n  ♦  aTj^.  Once  the  temperature  distribution  at  time 
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(n+l)t  is  known,  the  system  parameters  at  this  temperature  can  be  cal¬ 
culated  and  the  new  current  distribution  obtained. 

0.  Computational  Procedure 

A  set  of  Initial  conditions  is  selected:  doping  density  of  the  n 
region,  current  amplitude,  number  of  longitudinal  strips,  initial  tem¬ 
perature,  length  of  the  time  increments  and  the  pulse  duration.  For 
devices  free  of  junction  spikes,  the  current  at  first  divides  evenly 
among  the  longitudinal  strips  because  all  strips  have  the  same  proper¬ 
ties.  The  voltage  across  the  diode  is,  by  Eq.  8.2,  the  sum  of  the  in¬ 
cremental  voltages  across  each  portion  of  a  single  strip.  Once  the 
strip  currents  and  incremental  voltages  are  determined,  Eq.  8.3  is  used 
to  determine  the  temperature  rise  in  each  element.  The  new  temperature 
of  each  element  Is  the  old  temperature  plus  the  temperature  change. 
Using  this  temperature  and  the  known  resistance-temperature  relation, 
the  new  resistance  Is  computed. 

The  new  temperatures  are  not  uniform  over  the  diode  because  of  the 
boundary  condition  at  the  diode  edge  (edge  temperature  equals  that  of 
the  substrate)  and  the  high  temperature  produced  by  the  avalanching 
(reverse  bias  assumed)  diode  In  the  junction  region.  Thus  the  current 
distribution  will  no  longer  be  uniform  and  an  Iterative  procedure  is 
required  to  determine  how  the  current  Is  distributed  after  the  first 
time  Increment  has  passed.  This  cannot  be  accomplished  analytically 
because  the  junction  voltage  not  only  depends  on  the  junction  tempera¬ 
ture  but  also  on  the  junction  current  density.  Thus,  a  trial  current 

« 

distribution  is  first  assumed.  This  distribution  is  chosen  to  be  the 
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same  as  the  previous  distribution.  Each  strip  voltage  is  then  comput¬ 
ed.  These  will  differ  slightly  from  each  other  because  the  trial  dis¬ 
tribution  is  not  correct  for  the  new  circuit  parameters.  The  new  dis¬ 
tribution  Is  arrived  at  by  the  iterative  procedure  listed  below  as  part 
B  of  the  computer  program.  Generally,  the  number  of  trial  solutions  is 
around  10.  The  new  temperatures  are  then  computed  and  the  process  re¬ 
peated. 

Computations  for  a  particular  simulation  run  were  terminated  if 
device  terminal  voltage  dropped  suddenly  and  remained  at  a  low  level 
(signifying  completion  of  fllamentatlon)  if  computation  became  mean¬ 
ingless  due  to  lack  of  convergence,  or  If  the  temperature  In  any  por¬ 
tion  of  the  device  reached  1685  K,  the  melting  point  of  silicon. 

The  structure  of  the  computer  program  follows. 

A.  Parameter  specification 

1.  Initialize  all  constants  and  parameters. 

2.  Specify  the  size  of  the  spatial  mesh. 

3.  Set  the  temperature,  T(J,K),  of  all  elements  to  the  substrate 
temperature  (300  K  in  the  present  work). 

B.  Solution  of  electrical  problem  assuming  step  current  input 

1.  Calculate  the  resistance  R ( J ,K)  at  T(J,K)  for  each  element 
(all  J,K)  and  the  total  resistance,  STPRS(J),  for  every  strip 
(all  J). 

2.  Calculate  the  junction  voltage,  VJN(J),  for  every  J  using  the 
known  temperatures  and  trial  currents. 


3.  Compute  the  terminal  voltage,  V(J),  for  every  J 


V(J)  =  VJN(J)  +  I  (J)*$TPRS(J) , 

where  I ( J )  Is  the  strip  current.  The  V(J)  will  not,  in  gen¬ 
eral,  be  equal  because  the  assumed  current  distribution  is,  in 
general,  incorrect. 

4.  Obtain  an  estimate  of  the  device  terminal  voltage,  VTOT  (see 
Eqs.  8.1,  8.2) 

VTOT  *  jlTOT  +  l  VJN(J)/STRPS(J)[/  £  (1/STRPS(J)), 

<  J  )  J 

where  ITOT  is  the  excitation  pulse  amplitude. 

Start  Iteration  Loop 

5.  Calculate  the  new  I(J)  using  the  new  VTOT  and  the  old  VJN(J) 

I (J)  =  (VTOT  -  VJN(J) )/STPRS(J) 

6.  Calculate  the  new  VJN(J)  using  the  new  I(J) 

VON(J)  «  f ( I (J),ND,T(J,K)) 

7.  Calculate  the  new  V(J)  using  the  new  VJN(J)  and  I(J) 

V(J)  =  I (J)*STPRS(J)  +  VJN(J) 

8.  Calculate  a.  sum  of  all  I ( J ) ,  CITOT 
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Test  a.  ABS(V(J )  -  VT0T)<51  for  all  J 
b.  ABS(CIT0T  -  IT0T)<62 


yes  no 


continue  reiterate - Start  Iteration  Loop 

-  Finish  Iteration  Loop 

C.  Determine  new  temperature  distribution 

1.  Calculate  the  changes  in  temperature  due  to  electrical  and 
thermal  processes 

(a)  Determine  approximate  change  in  energy  aQ'(J,K)  and  hence 
aT'(J,K)  from  the  known  current,  known  temperature  distri¬ 
bution,  and  known  substrate  heat  flow  term  of  the  previous 
time  interval. 

(b)  Obtain  an  intermediate  temperature  distribution  T'(J,K)  « 
T(J,K)  +  aT'(J,K)  for  the  purpose  of  determining  substrate 
heat  flow  term  for  the  present  time  interval. 

(c)  Calculate  the  change  in  energy  aQ(J,K)  for  the  present  time 
as  all  terms  in  Eq.  8.3  are  now  know.  Then, 

aT(J,K)  »  (aQ(J,K))/( segment  mass  *  specific  heat 

capacity  of  silicon) 

where  aQ(J,K)  =  heat  gained  from  surrounding  segments  - 
heat  lost  to  the  substrate  +  Joule  heating  due  to  current. 

2.  Calculate  new  temperature,  T(J,K),  for  every  element  J,K 

T (J,K)  =  T(J,K)  +  aT(J,K) 
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Write  Results  of  Present  Time  Step 
Time  =  Time  +  Tau 

Go  Back  to  Start  of  Time  Increment  Loop  (step  B) 

The  SOS  diode  considered  was  204  ym  wide,  350  ym  long  and  had  a 
silicon  film  thickness  of  0.6  ym.  The  geometry  and  dimensions  used  for 
calculations  were  chosen  to  be  similar  to  those  of  devices  being  stud¬ 
ied  experimentally  (see  Part  I).  The  n  region  was  30  ym  long  and  con¬ 
tained  51  longitudinal  strips,  each  4  ym  in  width.  Each  longitudinal 
strip  was  further  divided  into  9  segments.  The  two  in  the  p+  and  n+ 
regions  were  160  ym  long.  The  width  of  the  n  depletion  region  was  set 
according  to  the  results  of  the  J-V-T  calculations,  and  the  remaining 
portion  of  the  n-region  was  divided  into  six  equal  segments  (each  about 
4  ym  long). 

The  SOS  diodes  were  subjected  to  constant  current  pulses  of  8  to 
12  mA  amplitude  and  1  to  15  ys  duration.  Average  current  densities 
ranged  from  6  x  10?  to  9  x  10?  A/m^.  These  current  densities  led  to 
current  densities  during  f 1 1 amentation  in  excess  of  10$  A/m^. 

All  programs  associated  with  this  section  were  written  in  FORTRAN 
IV  and,  on  an  average,  took  about  7  minutes  of  CPU  time  for  every  mi¬ 
crosecond  of  pulse  length.  In  all  cases,  the  required  memory  usage  for 
the  IBM  370/158  machine  was  less  than  256K. 
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IX.  PN  JUNCTION  J-V-T  CHARACTERISTICS  UNDER  REVERSE  8IAS 
AND  HIGH  CURRENT  DENSITIES 

The  second  breakdown  problem  involves  the  junction  at  unusually  high 
current  densities  and  unusually  high  temperatures.  In  the  course  of  sec¬ 
ond  breakdown  the  current  density  at  the  site  of  the  damage  filament  may 
increase  from  about  107  A/m^  to  IQ5*  A/m2  as  the  junction  temperature  goes 
from  300  K  to  1685  K,  the  melting  point  of  silicon.  Questions  arise  on 
the  temperature  dependences  of  the  avalanche  coefficients,  saturation  ve¬ 
locities  of  holes  and  electrons,  carrier  lifetimes,  mobilities  and  other 
parameters.  As  temperature  rises,  thermally  generated  carriers  entering 
the  junction  become  Increasingly  significant  and,  at  sufficiently  high 
temperatures,  the  junction  voltage  drops  toward  zero  at  all  current  densi¬ 
ties.  The  role  of  thermal  effects,  however,  is  quantitatively  different 
depending  upon  the  current  density.  High  current  densities  imply  higher 
voltages  and  greater  depletion  widths.  The  role  of  current  density,  in 
turn,  depends  upon  the  velocity  of  the  carriers  within  the  junction  re¬ 
gion.  If  this  velocity  is  small,  current  density  modifies  the  space 
change  distribution.  Further,  this  effect  occurs  at  lower  current  densi¬ 
ties  when  the  doping  level  In  the  n-region  is  low. 

Other  investigators  have  computed  J-V-T  characteristics  of  pn  junc¬ 
tions  at  various  current  densities,  n-region  doping  densities  and  bulk 
temperatures.  Causey  and  Rayburn7^  simulated  time  dependent  thermal 
breakdown  conditions  in  silicon  pn  junctions  with  n-region  doping  density 
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of  10^3  atoms/m^.  The  device  was  driven  by  a  constant  current  source 
of  strength  10®  A/m^  in  a  reverse  bias  mode.  In  their  simulation, 
junction  temperatures  up  to  700  K  were  obtained.  A  theoretical  study 
of  pn  junction  behavior  made  by  Sze^^,  yielded  J-V-T  characteristics  at 
low  current  densities  of  10^  A/m^  and  at  temperatures  up  to  500  K. 

More  recently,  Ward^S  did  extensive  numerical  calculations  of 
temperature-dependent  static  characteristics  for  a  p+n  diode  with  3  x 
lO^1  atoms/m^  as  the  doping  concentration  of  the  n-region.  Computa¬ 
tions  were  also  made  on  SOS  diodes  with  n-region  doping  density  of  8  x 
10^2  atoms/nr*  and  temperatures  of  300-650  K.  Behavior  of  reverse 
biased  p+-n-n+  junctions  subjected  to  short  duration  high  current 
pulses  have  been  analyzed  by  Neudeck.86 

Junction  characteristics  are  calculated  in  the  present  study  be¬ 
cause  junction  J-V-T  characteristics  are  not  presented  elsewhere  over 
the  broad  ranges  of  temperature,  current  density,  and  n-region  doping 
needed  for  the  second  breakdown  problem. 

A.  Equations  for  the  Abrupt,  Reverse  Biased  p+  -  n  Junction 

The  size  of  the  space-charge  region  of  a  p+n  junction  depends  on 
the  concentrations  of  uncompensated  donors  and  acceptors  and  the 
strength  of  the  applied  electric  field.  The  junction  region  is  a  dis¬ 
tributed  electric  dipole  In  an  otherwise  neutral  system.  The  space 
charge  in  the  p+  region  (doping  density  about  10^6  atoms  /m^)  is  con¬ 
centrated  In  an  extremely  narrow  negative  layer  (10"4  um  thick)  adjoin¬ 
ing  the  junction.  On  the  other  hand,  the  space  charge  region  in  the 
more  lightly  doped  n-region  may  extend  for  many  micrometers  from  the 
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metallurgical  junction.  Thus  the  behavior  of  an  abrupt  p+n  junction  is 
determined  by  its  n-region.  At  high  current  densities,  the  charge  on 
the  carriers  can  appreciably  modify  the  space  charge  distribution  with¬ 
in  the  junction.  The  coordinate  system  origin  is  taken  to  be  the  edge 
of  the  depletion  region  on  the  n-side  and  the  metallurgic  junction  Is 
located  at  x  =  +  w,  where  w  Is  the  width  of  the  depletion  layer  In  the 
n  region. 

The  junction  behavior  for  a  one-dimensional  pn  junction  under  re¬ 
verse  bias  is  determined  by  the  following  equations. 

Poisson's  equation  in  one-dimension: 
dE  =  £  =  £  (p-n  +  Nq  -  Na) 

ax  e  e  (9*1) 

where 

E  x-component  of  the  electric  field 
x  space  coordinate 

p  total  charge  density 

e  dielectric  permittivity 
q  magnitude  of  the  electronic  charge 
p  density  of  holes 

n  density  of  electrons 

Nq  density  of  Ionized  donors 

Nfl  density  of  ionized  acceptors 


i 


f 


i 

J 

t 


J 
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Continuity  equations  (including  thermal  generation,  recombination  and 


avalanche  generation): 

dJn  =  U-G 

ir 

(9.2) 

jJp  *  G-U 

3x 

(9.3) 

where 


Jn  electron  current  density 
Jp  hole  current  density 

U  thermal  rate  of  generation  and  recombination  of  electron-hole 
pairs 

G  avalanche  rate  of  generation  of  hole-electron  pairs 


The  functions  Jn,  Jp,  U  and  G  are  taken  to  be 

Jn  *  q|vn|n  +  q  Dn  dn  «  q|vn|n 
dx 

Jp  =  q  Ivplp  -  q  Dp  d£  .  q|vp|p 

U  *  g(nj2  -  np) 

(p+ni)xn  +  (n+n^xp 

S  =  q[an  lvn I n  +  <*plvplp] 

where 


(9.4) 

(9.5) 

(9.6) 

(9.7) 


vn  average  speed  of  electrons  in  a  field  E 

vp  average  speed  of  holes  in  a  field  E 

Dn  electron  diffusion  constant  (=  (kT/q)un:  Einstein 
Relation) 

Dp  hole  diffusion  constant  (=  (kT/q)^:  Einstein  Relation) 
k  Boltzmann's  constant 


Up  hole  mobility 
un  electron  mobility 


dn  electron  density  gradient 

clx 

d£ 

dx  hole  density  gradient 

n-j  intrinsic  equilibrium  carrier  density  at  temperature  T 

rn  lifetime  of  excess  electrons  in  the  n-region 

ip  lifetime  of  excess  holes  in  the  n-region 

an  avalanche  coefficient  for  the  generation  of  electron-hole 
pairs  by  an  incident  electron 

ctp  avalanche  coefficient  for  the  generation  of  electron-hole 

pairs  by  an  Incident  hole 

Carrier  densities  In  the  junction  region  become  non-uniform  at 
high  current  densities  and  this  gives  rise  to  gradients  in  electron  and 
hole  current  densities  and,  hence,  diffusion  currents.  These  diffusion 
currents  are  neglected  in  Eq.  9.4  and  9.5  because,  at  the  high  fields 
where  appreciable  gradients  of  charge  density  exist,  the  electric  field 
terms  still  dominate  the  diffusion  terms.  Thus  In  numerical  calcula¬ 
tions  of  the  drift  and  the  diffusion  terms  at  a  current  density  of  108 
A/m^,  the  diffusion  terms  of  Eq.  9.4  and  9.5  were  smaller  by  two  orders 
of  magnitude  compared  to  the  electric  field  terms.  The  current  densi¬ 
ties,  Jp  and  Jn,  combine  to  give  the  total  current  density  J,  that  is, 

J  »  Jp  *  Jn  (9*8) 

The  particle  velocities  and  avalanche  coefficients  are  functions 
of  both  electric  field  and  temperature.  At  low  electric  fields,  the 
carrier  velocity  In  the  depletion  region  of  a  pn  junction  is  dictated 
primarily  by  the  semiconductor  lattice  temperature.  The  field  imparts 
kinetic  energy  to  the  carriers,  and  they,  in  turn,  transfer  it  to  the 
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lattice  atoms  through  collision.  At  low  fields  the  drift  velocity  of 
the  carriers  is  insignificant  compared  to  the  mean  thermal  velocity, 
but  at  high  fields,  the  drift  velocity  becomes  comparable  to  the  ther¬ 
mal  velocity.  Also  at  high  electric  fields,  scattering  of  electrons  by 
optical  phonons  limits  the  drift  speed  of  carriers.  This  limiting 
(saturation)  speed  at  300  K  is  about  1  x  1()5  m/s  for  electrons  and  7  x 
10*  m/s  for  holes.88  At  fields  above  10?  V/m,  electron  and  hole  multi¬ 
plication  can  occur  but  the  average  speeds  appear  to  be  the  saturation 
speeds.  Both  the  mobilities  and  saturation  speeds  are  temperature  de¬ 
pendent.  The  doping  level  and  field  dependences  of  the  electron  and 
hole  mobilities  have  been  described  in  an  empirical  equation  by  Schar- 
fetter  and  Gummel5^.  Equation  9.9  is  their  expression,  modified  to  in¬ 
clude  a  temperature  factor  (see  p.  39,  Ref.  84). 

wp(T ,Nq,E)  -  »o|300jn  (9.9) 

2  2U/2 

1  +  NP  +  (E^A)  +  (E/B)  I 

N0/S  +  N  E/A  +  F  | 

The  parameters  In  Eq.  4,9  (in  SI  units)  for  electron  and  hole  mobili¬ 
ties  are  given  in  Table  13. 


Vo  S  N  A  F  Bn 

(m2  )  (dimension-  (dimension-  (dimension- 

V^s  less)  (nr3l  (y/m)  less)  (V/m)  less) 


Holes  .048 

81 

4x1022 

6.1xl05 

1.6 

2.5xl06  2.7 

Electrons  .1400 

350 

3x1022 

3.5x10® 

8.8 

7.4x10®  2.5 

Table  13.  Parameters  from  Eq.  9.9  In  SI  units. 


Sze  (Ref.  84,  pp.  39,  40,  57)  offers  a  somewhat  different  expression 


k(T,N0,E)  = 

^0 

300] n 

“J 

1/2  ^1  + 

^o[i00jn  E 

L  CS 

2 

1  1/2  \  1/2 

1  )  . 

where  (in  SI  units)  the  parameters  for  holes  and  electrons  are  given  in 
Table  14.  Cs  is  the  speed  of  sound. 


(m2/(V-s)) 

^s 

(m/s) 

n 

(dimensionless) 

vS 

(m/s) 

Holes  0.3284  -  .01283  logio  N0 

9.03  x  103 

2.7 

0.75  x 

10® 

Electrons  0.8956  -  .03594  logio  Nq 

9.03  x  103 

2.5 

1.05  x 

10® 

Table  14.  Parameters  for  Eqs.  9.10  -  9.13  In  SI  units. 
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Equations  9.9  and  9.10  can  be  used  to  compute  the  carrier  drift  veloc¬ 
ities,  vn  and  Vp,  at  fields  less  than  those  that  produce  velocity  sat¬ 
uration.  That  is, 

vp  ■  mpE  (9.11a) 

v„  -  -  MnE  (9.11b) 

The  temperature  dependences  of  the  saturation  velocities®?  are  given  by 
vp  *  vsp  (300/T)l/2  (9.12a) 

vn  *  vsn  (300/T)l/2  (9.12b) 

If  Eqs.  9.09  or  9.10  are  used  In  Eqs.  9.11,  and  the  velocities  in  Eqs. 
9.11  equated  to  the  corresponding  velocities  in  Eqs.  9.12,  then  the 
electric  fields  can  be  determined  (for  each  carrier  temperature  and 
doping  level)  at  which  the  saturation  velocities  are  reached.  Both  Eq. 
9.9  and  9.10  are  approximate  expressions  developed  for  systems  having 
temperatures  close  to  room  temperature.  They  are  applied  in  the  pre¬ 
sent  work  over  a  broad  temperature  range  because  of  lack  of  better  ex¬ 
pressions.  They  give  similar  results  and  both  have  been  used  at  dif¬ 
ferent  phases  of  the  present  study.  For  the  high  field  case,  Eq.  9.10 
is  easier  to  work  with  than  Eq.  9.9.  The  field  at  the  saturation 
threshold  using  Eq.  9.10  is 

ESat  3  A-  3iL'l1/2f300]1“n  (9.13) 

4Csu0  2  J  T  J 

Values  of  the  constants  of  Eq.  9.13  for  holes  and  for  elections  are 
given  In  Table  14.  For  fields  up  to  (E$at)  ^or  holes,  the  hole  drift 
velocity,  is  given  by  Eq.  9.11a.  For  fields  in  excess  of  Esat  for 
holes,  the  hole  drift  velocity  is  given  by  Eq.  9.12a.  Similarly,  Eq. 
9.11b  and  9.12b  give  the  electron  drift  velocity  for  fields  less  than 
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and  greater,  respectively,  than  £sat;  for  electrons.  The  field  and  tem¬ 
perature  dependences  of  the  electron  and  hole  velocities  are  shown  in 
Figs.  98  and  99,  respectively,  in  Chapter  X. 

The  lifetimes,  xn  and  tp,  were  taken  to  be  equal  and  constant3?, 
with 

tn  =  Tp  =  lxlO-6  s 

This  time  is  long  compared  to  the  transit  time  of  about  lO"*1  s.  In 
trial  runs  taken  with  Tn  =  Tp  =  1  x  10~3  s,  appreciable  junction  widen¬ 
ing  and  rise  of  junction  voltage  occurred  at  high  current  densities. 

The  Intrinsic  carrier  density  n-j  that  appears  in  Eq.  9.6  is 

n^2  a  k-jT3  exp  (-  ,  (9.14) 

kT 

where 

ki  *  1.5  x  10*5  m-6  K"3  . 

The  continuity  equations  employed,  Eqs.  9.2  and  9.3,  do  not  con¬ 
tain  the  time  derivatives,  £n  and  3£  .  Thus,  steady  state  solutions 

3t  at 

are  obtained. 

Eliminating  Jp  using  Eq.  9.8,  Eqs.  9.1  and  9.2  become 


dE  *  1 
dx  e 

j_  +  i_  ■  ]_  +  a  (nD  "  na) 

vp  vn  vp  E 

(9.15) 

dJn  3 
dx 

(c^,  -  ap)Jn  +  OpJ  +  U 

(9.16) 

At  the  boundary 

x  “  °»  Jno  a  J  "  Jpo  ’ 

(9.17) 

Equations  9.15  and  9.16  are  then  solved  simultaneously  to  obtain  the 
electric  field,  charge  distribution,  rate  of  avalanche  generation,  rate 
of  thermal  generation,  and  other  features  of  the  conduction  process. 

In  reverse  bias  and  moderate  temperatures,  the  current  In  the 
junction  is  provided  by  carriers  created  by  the  avalanche  mechanism. 
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The  avalanches  are  initiated  by  minority  carriers  that  enter  the  junc¬ 
tion  from  both  the  p+  and  n  regions.  However,  since  np=ni2  f0r  a  semi¬ 
conductor  In  thermal  equilibrium,  the  n  region  is  far  more  influential 
than  the  p+  region  in  introducing  minority  carriers  into  the  junction. 
For  moderate  temperatures,  the  junction  characteristics  are  very  insen¬ 
sitive  to  the  size  of  the  entering  minority  carrier  current  density  JpQ 
from  the  n  region.  However,  at  elevated  temperatures  Jpo  increases  by 
orders  of  magnitude.  At  sufficiently  high  temperatures,  Jpo  becomes 
comparable  to  the  total  junction  current,  avalanche  becomes  less  and 
less  important,  and  the  junction  voltage  drops.  With  further  Increase 
in  temperature,  Jpo  *  J,  and  the  junction  voltage  drops  to  a  small  val¬ 
ue  limited  by  the  resistance  of  the  junction.  The  temperature  depen¬ 
dence  of  Jpo  Is  given  In  Eqs.  9. 18-9.20. 57  Here  Jpo  includes  both  a 
field  term  and  a. diffusion  term, 
where 


Jp0m  »  qEup(T)pn(T)  ♦  q  f££(T^/2  Pn(T) 

\  •  / 

(9.18) 

Dp  (T)  *  JcT.  up(T) 
q 

(9.19) 

Pn(T)  *  2"?  (1  +  /l  +  4  (n1/nD)Z  )-l 

NO 

(9.20) 

The  expression  used  for  yp  is  that  of  Eq.  9.9. 

The  temperature  and  electric  field  dependences  of  the  Ionization 
coefficients  are  taken  from  Ref.  38. 


a  »  (1/x  )  exp  (Ax2  +  Bx  +  C)  ,  (9.21) 

where  the  parameters  are  defined  in  Table  15. 


TABLE  15 


Parameters  for  Eq.  9.21 

A  *  11.5  r2  -  1.17r  +  3.9  x  10-4 
B  *  46  r2  -  11. 9r  +  1.75  x  10'2 
C  »  -757  r2  +  75. 5r  -  1.92 
r  a^2r ^  tanh  (Er/2kT) 

Er  =  Energy  of  the  Raman  optical  phonon  (1.0  x  10"20  J) 
E-j  -  1.5  Eg 

Eg  *  Band  gap  (1.77  x  10“^®  J  for  silicon) 

For  an  (electron  ionization  coefficient): 

xn  =  Ei  n  =  Ei 

qE  x  n  qE  x  n 

xn  *  7.6  x  10~9  tanh  £r 

21 TT 

For  ap  (hole  ionization  coefficient): 


XD  =  4.7  x  10"9  tanh  2r 
B.  Computational  Strategy 

Calculations  were  done  on  an  IBM  370/158  machine  using  the  fourth 
order  Runga-Kutta  double  precision  method  of  integration  and  CSMP3  as 
the  main  programming  language.  (Various  other  integration  methods  such 
as  trapezoidal ,  Milne's,  rectangular,  STIFF  and  Simpson's  were  explored 
but  Runga-Kutta  seems  to  have  yielded  the  most  accurate  results  in  the 
shortest  time.)  To  solve  the  relevant  differential  equations 
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simultaneously,  a  particular  starting  value  of  each  of  the  variables  J, 
T,  N0  and  Jn  was  chosen.  Integration  was  started  at  a  point  in  the  n 
region  which  was  assumed  to  be  the  edge  of  the  junction  region.  The 
field  at  this  point  is  the  same  as  that  in  the  remainder  of  the  n 
region.  For  a  current  density  J,  this  boundary  field  is  E  =  J/a  . 

Here  a  is  the  conductivity  of  the  n  region.  The  minority  carrier 
density  at  the  edge  of  the  junction  in  the  n  region  is  Jpo  and  the 
corresponding  boundary  value  for  use  In  Eqs.  9.15  and  9.16  is  the  Jno 
identified  in  Eq.  9.17. 


X.  CALCULATED  JVT  CHARACTERISTICS  UNDER  REVERSE  BIAS 


A  set  of  constitutive  relations  must  be  chosen  before  JVT  charac¬ 
teristics  can  be  calculated.  In  the  course  of  the  present  work,  cer¬ 
tain  decisions  were  made  which  were  later  regarded  as  inferior.  How¬ 
ever,  the  calculations  of  the  electrothermal  model  were  performed  with 
the  original  JVT  results  and  not  sufficient  time  was  available  to  rerun 
all  of  the  situations.  Fortunately,  the  method  used  gave  adequate  re¬ 
sults  up  to  about  500  K.  But  it  contained  a  condition  that  forced  the 
junction  voltage  to  drop  to  its  resistive  limit  at  800  K.  Such  a  drop 
in  voltage  should  occur  at  different  temperatures,  depending  upon  the 
current  density.  The  peculiar  shape  of  the  JVT  curves  at  the  higher 
temperatures  made  us  re-examine  our  procedures.  This  led  to  the  fol¬ 
lowing  six  program  modifications: 

1.  The  temperature  dependence  of  the  electrical  conductivity  in 
the  n  region  outside  the  junction  had  been  neglected.  This 
temperature  dependence  was  Included  in  the  modification,  using 
the  data  from  Runyan^S,  This  was  a  significant  modification 
since  it  altered  the  computed  value  of  the  electric  field  in 
the  n  region  and  thereby  the  number  of  minority  carriers  drawn 
into  the  junction  from  the  n  region. 

2.  In  the  original  calculation,  the  diffusion  term  for  the  mi¬ 
nority  carriers  entering  the  junction  was  neglected.  In  the 
modification,  this  current  Is  included  with  the  field  drift 
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current.  The  diffusion  term  becomes  increasingly  important  as 
temperature  rises.  Not  only  does  it  become  larger,  but  the 
field  drift  term  becomes  less  significant  (because  the  in¬ 
crease  in  electrical  conductivity  with  temperature  (at  ele¬ 
vated  temperatures)  requires  less  field  to  sustain  a  parti¬ 
cular  current  density  in  the  n  region). 

3.  The  expressions  originally  used  for  the  avalanche  coefficients 
go  to  zero  at  800  K.  These  equations  were  approximations  to 
the  theoretical  results  of  Baraff^  and  should  not  have  been 
used  above  about  500  K.  The  modified  treatment  uses  another 
approximation,  also  based  on  Baraff's  theory,  that  does  not 
have  the  artificial  cutoff  (Eq.  9.21).  This  produces  a  very 
significant  change  in  the  JVT  characteristics,  since  the  junc¬ 
tion  voltage  and  junction  width  tend  to  go  to  infinity  as  the 
temperature  approaches  800  K  in  the  originally  used  expres¬ 
sions.  The  expressions  used  in  the  modification  show  a  grad¬ 
ual  decrease  in  the  avalanche  coefficients  with  rising  temper¬ 
ature,  and  avalanche  occurs  above  800  K  with  no  anomaly  in  the 
region  about  800  K. 

4.  In  the  original  calculation,  the  expression  for  the  hole  con¬ 
centration  in  the  n  region  was  based  on  the  assumption  that 
the  electron  carrier  density  in  this  region  was  equal  to  the 
donor  density.  However,  this  is  not  a  good  assumption  because 
of  the  rise  in  electron  carrier  density  due  to  thermally  in¬ 
duced  band-to-band  transitions.  This  significantly  alters 


294 


the  value  of  the  minority  carrier  current  introduced  into  the 
junction  at  elevated  temperatures. 

5.  The  original  calculation  assumed  that  the  carriers  were  at 
their  saturation  velocities  (taken  as  temperature  dependent) 
when  in  the  junction  region.  The  modification  includes  both 
the  field  and  temperature  dependences  of  the  carrier  veloc¬ 
ities. 

6.  The  temperature  dependence  of  the  electron  and  hole  mobili¬ 
ties  at  high  temperatures  do  not  seem  to  be  well  established. 
The  theoretical  discussion  of  Sze84  was  taken  as  the  basis  for 
using  a  different  expression  for  the  high  temperature  mobili¬ 
ties  than  had  been  used  in  the  earlier  calculations. 

In  the  present  chapter,  the  more  recently  calculated  JVT  charac¬ 
teristics  are  presented  and  discussed.  These  are  believed  to  better 
represent  the  system  than  did  the  original  calculations.  However, 
since  the  electrothermal  model  calculations  were  based  on  the  old  JVT 
calculations,  these  are  presented  in  Appendix  A. 

JVT  characteristics  were  obtained  under  reverse  bias  for  a  doping 
density  of  10^2  atoms/m8,  temperatures  from  300  to  1300  K,  and  current 
densities  from  104  to  108  A/m^.  Figures  98  to  102  show  the  temperature 
and  field  dependences  for  hole  and  electron  velocities,  n-reglon  resis¬ 
tivity,  carrier  current  density  entering  the  junction  from  the  n  re¬ 
gion,  intrinsic  carrier  density,  and  the  ionization  coefficients. 

Calculated  JVT  characteristics  are  shown  in  Fig.  103.  For  current 
densities  up  to  108  A/n£  (Fig.  103a),  there  is  an  Initial  rise  In  vol¬ 
tage  with  increasing  temperature  that  is  associated  with  the 


Fig.  100.  Resistivity  vs  temperature  at  constant  electric  field 


CURRENT 


300 


c.  J  »  10®  A/m^. 


Fig.  103.  Voltage  vs  temperature  at  constant  current  densities 
for  the  junction  and  n  region.  The  voltage  V  is  developed 
across  a  strip  in  the  n  region  having  the  width  of  the  junction 
depletion  region. 
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temperature  dependences  of  the  Ionization  coefficients.  The  drop  in 
voltage  in  each  case  occurs  as  the  density  of  thermally  generated  car¬ 
riers  entering  the  junction  from  the  n  region  provides  a  current  den¬ 
sity  that  approaches  that  of  the  applied  pul:.,e. 

The  same  general  behavior  is  found  when  the  current  density  is  107 
A/m?  (Fig.  103b),  but  in  this  case  the  temperature  at  which  the  voltage 
drops  is  found  to  be  very  sensitive  to  the  n-region  electrical  conduc¬ 
tivity  in  the  high  temperature  region.  Several  factors  are  simultan¬ 
eously  present:  a  decrease  of  the  ionization  coefficients,  a  rapid 
rise  in  the  electrical  conductivity  of  the  n  region,  a  concommitant  de¬ 
crease  in  the  electric  field  in  the  n  region,  a  decrease  in  the  current 
density  of  holes  entering  the  junction  from  the  n  region  (that  is,  Jf0 
decreases),  and  a  modification  of  the  space  charge  in  the  junction  due 
to  the  high  density  of  carriers  and  their  relatively  low  saturation 
velocities  at  elevated  temperatures.  Thus,  for  example,  in  a  temper¬ 
ature  region  where  the  n-region  conductivity  is  increasing  at  a  rate  of 
about  100  percent  per  50  K  temperature  rise,  an  increase  in  the  value 
of  n-region  conductivity  by  a  factor  of  two  at  750  K  will  cause  the 
current  density  Jpo  to  exceed  J  and  the  junction  voltage  to  plunge  to 
its  resistive  limit.  The  apparent  scatter  in  the  breakdown  voltages 
calculated  at  the  current  density  of  107  A/m2  can  be  attributed  to  the 
scatter  In  the  values  chosen  for  n-region  conductivity.  These  were  ob¬ 
tained  from  interpolation  of  graphical  data  In  Runyan. 45 

Calculations  of  junction  characteristics  at  108  A/m?  in  the  room 
temperature  regime  was  not  possible  using  the  methodology  of  lower 
current  densities.  The  extremely  high  current  density  gave  rise  to  a 
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net  negative  space  charge  in  the  junction  region  and  values  of  the 
other  variables  that  were  felt  to  be  meaningless.  The  experimental 
work  wherein  the  amplitude  of  the  applied  current  pulse  was  gradually 
increased  from  average  current  densities  well  below  10®  A/rr?  to  average 
current  densities  above  10®  A/m?  showed  gradual  changes  in  waveforms, 
with  no  indications  of  anomalous  behavior  at  high  current  densities. 
Thus  some  modifications  of  the  underlying  theory  are  believed  to  be 
necessary.  A  simple  modification  that  will  give  solutions  is  to  relax 
the  assumption  that  the  carriers  have  the  assumed  saturation  velocities 
at  the  high  fields  necessary  to  sustain  current  densities  of  108  A/m2 
and  above.  If  the  carrier  velocities  are  assumed  to  be  sufficiently 
large  that  the  space  charge  Is  determined  primarily  by  the  donor  atoms 
of  the  n  region,  then  plausible  solutions  are  again  obtained.  At  high¬ 
er  temperatures  more  holes  are  drawn  into  the  junction  from  the  n  re¬ 
gion.  These  Influence  the  space  charge  density  in  a  significant  fash¬ 
ion  so  that  solutions  using  the  methodology  of  the  lower  current  den¬ 
sities  again  become  possible.  This  occurs  at  600  K,  and  then  only  if 
the  minimum  speed  of  the  electrons  is  chosen  so  that  the  n  region  space 
charge  remains  positive.  However,  in  this  case,  it  is  not  necessary  to 
hypothesize  a  speed  greater  than  the  saturation  speed  assumed  in  the 
underlying  theory.  The  junction  voltage  obtained  at  600  K  is  112  V, 
much  higher  than  the  junction  voltage  of  64  V  at  600  K  and  10?  A/m?. 

The  high  voltage  at  600  K  Is  associated  with  the  temperature  dependence 
of  the  mobility  of  the  junction  carriers.  For  comparison,  the  curves 
marked  R  in  Figs.  103  a,  b,  c  show  the  voltage  across  a  segment  of  the 


n  region  having  the  same  width  as  the  junction  at  current  densities  of 
10®,  107  and  10®  A/m^,  respectively. 

Table  16  shows  the  temperature  at  which  the  current  density  Jpo 
equals  J  for  each  of  the  current  densities  of  the  JVT  calculations. 

Figure  104  presents  the  dependence  of  the  depletion  layer  width  on 
temperature  for  the  conditions  of  Fig.  103.  Except  for  the  region  of 
anomalously  high  junction  voltages  between  600  and  670  K  at  the  current 
density  of  108  A/m?,  the  widths  are  in  the  range  of 

Table  16 

TEMPERATURE  AT  WHICH  JUNCTION  BECOMES  RESISTIVE 
FOR  DIFFERENT  CURRENT  DENSITIES 


CURRENT  DENSITY  (A/m?) 

TEMPERATURE  WHEREIN  Jpo=J  (K ) 

104 

563 

10® 

633 

106 

748 

107 

1025 

10® 

? 

(2.9  +  0.6)  um.  In  calculations  with  the  electrothermal  model,  the 
junction  was  represented  with  a  constant  width  to  simplify  the  heat 
transfer  calculations.  However,  the  actual  junction  widths  could  be 
Included  In  the  electrothermal  model. 

Figures  105  to  115  show  the  spatial  dependences  of  the  electric 


field,  charge  density,  electron  density,  hole  density,  electron  current 
density,  avalanche  generation  rate,  thermal  generation  and  recombin¬ 
ation  rate,  electron  ionization  coefficient,  hole  ionization 
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Fig.  104.  Junction  width  vs  t 


constant  temperature. 


Fig.  108.  Hole  density  vs  distance  In  the  depletion  layer  at  constant  current  density  and  constant 
temperature. 


constant  temperature 


Fig.  110.  Carrier  generation  rate  due  to  avalanching  vs  distance  in  the  depletion  layer  at  constant 
current  density  and  constant  temperature. 


a.  J  -  10  A/m  .  b.  J  *  10  A/m  .  c.  J  -  10  A/m  . 

Fig.  111.  Carrier  recombination  rate  vs  distance  in  the  depletion  layer  at  constant  current  density  and 
constant  temperature. 


112.  Electron  ionization  coefficient  vs  distance  in  the  depletion  layer  at  constant  current  density 


density  and  constant  temperature. 
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coefficient,  electron  speed,  and  the  hole  speed  for  the  conditions 
1  isted  in  Table  17. 


TABLE  17 

CONDITIONS  USED  IN  FIGS.  105-115 


CURRENT  DENSITY  (A/ m2) 

TEMPERATURES  (K) 

10® 

300,  500,  700 

107 

300,  700,  1000 

10® 

600,  1000,  1300 

Figures  105a, b,  and  c  show  the  electric  field  configurations  for 
current  densities  of  10®,  10?,  and  10®  A/m?,  respectively.  In  each 
case,  for  all  of  the  temperatures  listed  in  Table  17,  the  electric 
field  increases  monotonically  from  the  edge  of  the  depletion  region  (x 
=  0)  on  the  n-reglon  side  of  the  junction.  Figures  105-115  show  para¬ 
meters  from  x  =  0  to  the  metallurgical  junction.  The  maximum  electric 
fields  in  all  cases  shown,  where  the  junction  must  avalanche  to  supply 
the  requisite  carrier  density,  are  about  5  x  10?  V/m  and  are  attained 
at  the  metallurgical  boundary. 

The  net  charge  density  in  the  junction  depletion  region  is  shown 
in  Fig.  106.  In  obtaining  JVT  characteristics  under  reverse  bias  con¬ 
ditions,  the  natural  boundary  condition  to  assume  at  x  *  0  is  that  the 
electric  field  at  x  =  0  is  the  same  as  the  electric  field  required  to 
sustain  the  current  density  J  In  the  n  region  away  from  the  junction. 

If  this  condition  Is  used,  along  with  the  generally  accepted  values  for 
mobilities  and  conductivities,  a  negative  space  charge  arises  at  the 
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lower  temperatures  even  at  relatively  low  current  densities.  This  gen¬ 
erates  a  nonsensical  solution.  For  example,  at  300  K  and  10®  A/m2,  the 
electron  speed  in  the  n  region  is  about  150  m/s,  while  a  speed  of  625 
m/s  is  required  with  a  doping  density  of  1022  atoms/m3  if  the  space 
charge  is  to  be  non-negative  at  the  edge  of  the  n-region  depletion 
width.  If  the  boundary  condition  is  altered  slightly  so  that  the  net 
charge  density  at  the  boundary  is  zero,  then  meaningful  solutions  are 
obtained.  A  nearly  equivalent  procedure,  and  one  that  is  very  conven¬ 
ient  in  practice  when  many  different  conditions  are  being  explored,  is 
to  choose  a  minimum  electron  speed  for  the  junction  region  that  yields 
a  zero  or  small  positive  value  of  total  charge  density  at  the  junction 
edge.  Thus,  for  example,  for  300  K  and  10®  A/m?,  minimum  electron 
speeds  of  103  and  2  x  104  m/s  give  rise  to  junction  voltages  of  46.32 
and  46.34  V,  respectively.  In  the  present  calculations  the  minimum 
electron  speeds  that  were  used  were  103  m/s  for  current  densities  of 
104  and  10®  A/m?,  2  x  104  m/s  for  current  densities  of  10®  and  107 
A/m?,  and  5.7  x  104  m/s  for  a  current  density  of  103  A/m2.  In  Fig. 
106a,  the  flatness  of  the  curves  shows  that  the  mobile  charges  contrib¬ 
ute  very  little  to  the  net  space  charge.  The  mobile  carriers  contrib¬ 
ute  significantly,  however,  at  higher  current  densities,  with  holes 
playing  a  greater  role  at  the  higher  temperatures.  The  hole  velocities 
are  smaller  than  the  electron  velocities,  so  each  hole  contributes  more 
to  the  space  charge  than  a  single  electron.  Also,  at  elevated  temper¬ 
atures,  the  hole  current  Injected  at  the  n-side  of  the  junction  becomes 
an  Important  part  of  the  total  current.  Each  of  these  effects  tends  to 
preserve  the  positive  space  charge  in  the  n  region.  Thus  the  space 
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charge  region  appears  to  have  meaning  even  at  1300  K  for  the  current 
density  of  10^  A/m?  and  doping  density  10^2  atoms/m?.  Electron  and 
hole  densities  are  shown  in  Figs.  107  and  108. 

The  electron  current  density  is  displayed  in  Fig.  109.  At  the 
lower  temperatures,  the  current  Is  almost  completely  carried  by  elec¬ 
trons  until  the  metal lurigical  junction  is  approached.  Examination  of 
the  electric  field  configurations  of  Fig.  105,  the  avalanche  generated 
current  in  Fig.  110,  the  thermally  generated  current  within  the  junc¬ 
tion  in  Fig.  Ill,  and  the  ionization  coefficients  in  Figs.  112  and  113 
provide  the  needed  perspectives.  Avalanche  is  restricted  to  the  high 
field  region  close  to  the  metallurgical  junction.  The  avalanche  pro¬ 
cess  is  needed  for  the  junction  to  be  able  to  provide  the  necessary 
current  level.  At  higher  temperatures  a  large  portion  of  the  current 
Is  carried  by  the  holes  introduced  from  the  n  region.  Thus  the  elec¬ 
tron  current  through  the  junction  is  correspondingly  reduced.  Examin¬ 
ation  of  the  thermal  generation/ recombination  term  shows  that  recombin¬ 
ation  is  the  dominant  process.  Thus  the  change  in  the  number  of  ther¬ 
mally  activated  carriers  is  associated  with  the  injection  process  from 
the  n  region  and  not  volume  generation  within  the  junction. 

Examination  of  the  magnitudes  of  the  ionization  coefficients  for 
electrons  and  holes,  Figs.  112  and  113,  shows  that  holes  do  not  play  a 
major  role  in  Initiating  ionization. 

Electron  and  hole  speeds  are  shown  throughout  the  junction  region 
for  ranges  of  current  densities  and  temperatures  in  Figs.  114  and  115, 
respectively.  Holes  are  found  to  be  at  their  saturation  velocity 
through  most  of  the  junction,  for  all  current  densities.  However  the 
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electrons  can  be  significantly  below  their  saturation  velocities  for  a 
large  portion  of  the  junction  at  the  lower  current  densities  and  higher 
temperatures. 

After  reviewing  the  above  calculations,  one  is  left  with  the 
feeling  that  the  pn  junction  under  high  reverse  currents  and  at 
elevated  temperatures  is  not  as  well  characterized  as  is  necessary  for 
the  second  breakdown  problem. 


XI.  RESULTS  OF  ELECTROTHERMAL  MODEL 


Silicon-on-sapphire  diodes  were  analyzed  with  particular  stress  on 
the  effect  of  device  geometry  and  excitation  conditions  on  current  fil- 
amentation  leading  to  the  second  breakdown  transition  under  reverse 
bias.  Variations  in  device  geometry  included  silicon  film  thickness 
and  junction  contour  (uniform  junction,  p+n  junction  with  spikes,  and 
n+n  junction  with  spikes).  The  excitation  conditions,  that  were  varied 
include  pulse  length,  pulse  amplitude,  and  pulse  shape  (single  step  and 
double-step  pulses).  Computer  simulations  of  SOS  devices  yielded  tem¬ 
poral  development  of  current  distributions  and  of  temperature  distri¬ 
butions  of  the  diodes.  It  also  provided  device  terminal  voltage  as  a 
function  of  time.  The  information  obtained  from  these  computer  calcu¬ 
lations  is  analyzed  in  this  chapter.  The  features  of  interest  are: 
location  of  filaments  (correlation  with  the  excitation  step  amplitude, 
pulse  duration  and  device  geometry),  conditions  when  filaments  are  in¬ 
itiated  (junction  region'  temperature  and  n-region  temperature),  onset 
of  instability  leading  in  formation  of  melt,  delay  time  for  initiaton 
of  filaments  (correlation  with  voltage  waveform  and  current  amplitude), 
and  delay  time  for  onset  of  instability  (correlation  with  voltage  wave¬ 
form  and  current  amplitude). 

Calculations  on  the  uniform  junction  and  on  the  p+n  junction  with 
spikes  were  performed  by  Baruah^  while  those  on  the  n+n  spikes  were 
performed  by  Liou89,  Results  will  be  presented  in  the  sequence: 
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uniform  junctions,  p+n  spike  junctions.  Comparisons  will  be  made  along 
the  way  evaluating  the  role  of  spikes.  Chapter  XII  relates  the  theo¬ 
retical  results  to  the  experimentation  of  Part  I. 

In  this  chapter,  SI  units  are  used  exclusively.  The  following 
parameters  were  employed  by  Baruah. 


Initial  temperature 

300  K 

Time  increment 

.01  us 

n-region  length 

30  vm 

p+,  n+  region  lengths 

160  um 

Junction  depletion  layer  width 

4  ym 

Diode  width 

204  um 

n-region  doping  density 

10^2  atoms/nr* 

p+,  n+  regions  doping  density 

1026  atoms/m^ 

Silicon  film  thickness 

.6,1.2  um 

Excitation  pulse  amplitudes 

8-21  mA 

Minimum  pulse  length 

.87  yS 

Maximum  pulse  length 

11.32  us 

Diffusion  spike  height 

0.20,  0.32,  4.0  um 

Tables  18a,  b  and  c  indicate  the  special  parameters  employed  in  the 
uniform  junction  and  p+n  spike  junction  calculations  of  Baruah. 
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TABLE  18a 

SUMMARY  OF  SOS  DIODE  SIMULATIONS  BY  BAR UAH 
(pulse  shape  =  constant  current  step) 


Run 

No. 

Pul  se 
Ampl  itude 
(mA) 

Pul  se  Peak 

Length  Terminal 
(us)  Voltage 

(V) 

Fi 1  ament 
Current 
Density 
(gA/m4) 

Filament 

Temperature 

(K) 

Number 

of 

Filaments 

Structure  with  no  defects 

1 

8 

11.32 

463 

1.18 

1117 

1 

2 

9 

9.74 

519 

1.68 

1277 

1 

3 

10 

7.49 

577 

1.71 

1293 

1 

4 

10.5 

4.88 

610 

2.04 

1268 

2 

5 

11 

4.10 

639 

2.19 

1325 

2 

6 

12 

3.50 

693 

2.40 

1481 

2 

7 

9,11 

6.92,8.62 

519 

0.987 

1065 

1 

8 

10,10.5 

4.89,7.28 

577 

1.46 

1310 

1 

9 

10,11 

6.49,7.78 

577 

1.73 

1364 

1 

10 

11 

9.88 

327 

0.879 

546 

X 

Structure  with  triple  spikes 

on  p+n  junction 

11 

8 

6.60 

452 

1.51 

1340 

3 

12 

9 

4.91 

507 

1.26 

1119 

3 

13 

10 

3.29 

567 

1.24 

1101 

3 

14 

10.5 

3.28 

600 

1.29 

1113 

3 

15 

11 

2.91 

629 

1.34 

1119 

3 

16 

12 

1.79 

690 

1.63 

1115 

3 

17 

11 

9.59 

323 

2.19 

1188 

3 

18 

21 

1.88 

611 

2.90 

1279 

3 

19 

8 

5.88 

483 

0.43 

1305 

3 

20 

12 

5.08 

754 

2.00 

1408 

3 

i 

A 
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TABLE  18b 

SIMULATION  PARAMETERS  FOR  UNIFORM  JUNCTION  DIODES 


Run 

No. 

Film 

Thickness 

(ym) 

Pulse  Shape  for  Double-step  Pulses 

1 

0.6 

2 

0.6 

3 

0.6 

4 

0.6 

5 

0.6 

6 

0.6 

7 

0.6 

8 

0.6 

9  mA  (0-6.92  ys),  11  mA  (6.92-8.62  us) 

9 

0.6 

10  mA  (0-4.89  ys),  10.5  mA  (4.89-7.28  us) 

10 

1.2 

10  mA  (0-6.49  ys),  11  mA  (6.49-7.78  ys) 

TABLE  18c 

SIMULATION  PARAMETERS  FOR  p+n  SPIKE  DIODES 
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A.  Uniform  Junction  Diodes 
1.  Current  Distributions 

Figures  116a- f  (Runs  1-6)  show  current  distributions  over  the  de¬ 
vice  area  at  various  times  for  a  given  pulse  amplitude.  Each  of  the 
figures  relates  to  one  of  the  excitation  amplitudes  in  the  range  8-12 
mA  and  shows  time  development  of  fil amentation.  For  example,  in  Fig. 
116a,  for  Itot  »  8  mA  (average  current  density  =  6.67  x  107  A/m2),  cur¬ 
rent  distributions  are  shown  at  times  2.83,  5.65,  8.48  and  11.32  ps. 
From  the  figures,  it  can  be  generalized  that,  for  a  given  amplitude, 
shorter  times  produce  little  or  no  fil amentation,  an  intermediate  time 
creates  a  broad  filament  while  further  increase  in  time  results  in  dis¬ 
tinct  current  constrictions.  Once  the  intermediate  broad  filament  is 
formed,  the  process  develops  rather  quickly.  The  rapid  transition  is 
demonstrated  more  vividly  by  showing  more  closely  spaced  contours  as  in 
Figs.  117a, b  (Run  2)  and  Figs.  118a, b  (Run  5)  for  pulse  amplitudes  of  9 
and  11  mA,  respectively.  The  current  distributions  in  Figs.  117a  and 
118a  are  at  times  just  before  fil amentation,  while  those  in  Figs.  117b 
and  118b  are  at  times  just  after  fil  amentation.  For  example,  in  the 
case  of  9  mA,  the  growth  rate  of  the  maximum  current  density  within  the 
filament  is  about  2.5  times  faster  after  fil amentation  when  compared  to 
its  growth  before  fil amentation. 

Formation  of  double  filaments  is  a  striking  feature  of  increasing 
current  amplitude.  Single  channels  occur  at  8,  9  and  10  mA,  but  double 
filaments  are  found  at  10.5  mA  and  above.  The  single  filaments  are  al¬ 
ways  located  centrally  with  respect  to  the  device  width,  while  the 
double  filaments  are  situated  symmetrically  about  the  center  (the 


Fig.  116.  Current  distributions  at  different  times  for 
constant  current  pulses,  (a)  8  mA,  (b)  9  mA,  (c)  10  mA 

(d)  10.5  znA,  (e)  11  mA,  (f)  12  mA. 
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Fig.  118  (b) .  Current  distributions  for  the  same  11  mA 
current  step  as  in  (a),  but  at  later  times.  Development  of 
narrow  double  filaments  is  detailed. 
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system  is  symmetric  about  its  center  line).  Higher  amplitude  tends  to 
widen  the  interfilamentary  distance  and,  for  both  single  and  double 
filaments,  to  narrow  their  widths.  Thus  the  width  at  half  maximum  of 
the  central  filament  at  8  mA  current  at  t  =  11.32  ys  is  about  17  um, 
while  the  corresponding  width  at  pulse  end  for  a  12  mA  current  is  4  ym 
(the  mesh  width).  As  an  example  of  changing  interfilamentary  dis¬ 
tances,  the  separation  is  95  m  at  10.5  mA  (Fig.  116d),  118  ym  at  11  mA 
(Fig.  116e),  and  166  ym  at  12  mA  (Fig.  116f).  Peak  current  densities 
inside  the  filaments  intensify  with  increasing  applied  amplitude  and 
range  in  Fig.  116  from  1.18  x  109  to  2.40  x  109  A/m?. 

The  reasons  for  single  and  double  filaments  at  low  and  high  device 
currents,  respectively,  are  not  obvious.  The  discussion  that  follows 
is  based  on  the  analysis  of  Figs.  117a, b,  118a, b,  119,  120a, b,  121a, b, 
124a, b,  and  125.  Figure  119  shows  the  junction  JVT  characteristics  and 
the  resistivity-temperature  curve  for  the  n-region.  The  dominant  fea¬ 
ture  for  the  present  geometry  is  the  initial  rise  in  resistivity  up  to 
the  temperature  (Tm)p  and  the  subsequent  drop  in  resistivity  above  this 
temperature. 

In  Fig.  120a  the  temperature-time  history  associated  with  the 
growth  of  the  single  filament  of  Fig.  116b  is  examined,  while  Fig.  120b 
displays  the  temperature-time  history  of  filament  growth  in  the  double 
filament  system  of  Fig.  116e.  In  Fig.  120a  three  portions  of  the  device 
are  considered:  the  n-reglon  (1)  and  the  junction  (2)  of  the  strip  in 
the  center  of  the  filament  site  (102  ym  from  the  edge),  the  n-region 
(3)  and  the  junction  (4)  of  a  strip  adjacent  to  the  filament  (94  ym 
from  the  edge)  where  the  current  after  filament  formation  is  a  minimum, 
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and  the  n-region  (5)  and  junction  (6)  of  a  strip  farther  removed  from 
the  current  filament  {86  urn  from  edge).  In  Fig.  120a,  the  knees  in 
Curves  1,3,5  at  3.5  ys  are  associated  with  the  transition  of  most  of  the 
n-region  over  (Tm)R  (see  Fig.  116b  and  the  voltage  waveform  in  Fig. 

123).  Once  above  (Tm)R  less  voltage  is  required  to  sustain  the  same 
current  (see  Fig.  121a),  so  the  heating  rate  decreases.  The  formation 
of  a  broad  filament  starts  at  the  inflection  in  the  junction  curves 
(Curves  2,  4,  6  of  Fig.  120a).  The  temperature  of  the  junction  is  then 
about  600  K,  just  slightly  above  that  of  the  peak  junction  voltage  at 
the  current  density  of  10^  A/m2.  The  voltage  waveform  of  Fig.  123  ex¬ 
periences  a  change  in  slope  toward  lower  voltages  at  this  time.  All  of 
the  curves  of  Fig.  120a  are  plausible  If  the  location  of  the  central 
filament  is  taken  as  the  hottest  part  of  the  device  throughout  the 
pul se. 

In  Fig.  120b,  the  temperature-time  histories  are  shown  at  sites  of 
a  filament  (48  ym  from  diode  edge)  in  a  double  filament  system,  at  a 
nearby  current  minimum  (44  ym  from  the  diode  edge),  and  at  a  locale  fur¬ 
ther  removed  (32  urn  from  the  diode  edge).  Examination  of  the 
temperature-time  data  of  Fig.  120b  reveals  one  significant  feature:  the 
temperature  at  the  site  of  the  double  filament  rises  faster  than  at 

other  parts  of  the  diode  just  after  its  junction  passes  through  the  peak 

8  2 

of  the  Vjun  -  T(J  =  10  A/m  )  curve  at  580  K.  A  runaway  condition 
then  causes  the  formation  of  the  filament. 

The  time  history  of  the  current  In  the  device  is  considered  in 
Figs.  121a, b  for  the  runs  of  Figs.  120a, b  respectively.  The  same  por¬ 
tions  of  the  device  as  in  Figs.  120a, b  are  analyzed:  the  filament 
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site  (1),  the  site  adjacent  to  the  filament  (2)  where  current  is  a  min¬ 
imum,  and  a  site  (3)  farther  away  from  the  filament  site.  Initially, 
the  current  is  distributed  uniformly  in  all  the  three  longitudinal 
strips  considered.  When  the  temperature  in  the  n-region  goes  over  (Tm)p 
in  the  filament  scrip,  that  strip  takes  a  greater  share  of  the  total 
current.  The  current  in  the  strip  farther  away  from  the  filament  (Curve 
3)  decreases  correspondingly.  The  runaway  condition  is  accelerated  as 
the  junction  voltage  drops  at  760  K  and  as  the  intrinsic  region  is 
reached  at  about  810  K.  The  current  in  the  strip  adjacent  to  the  fil¬ 
ament  (Curve  2)  falls  correspondingly,  with  its  fall  accelerated  by  its 
increasing  resistivity  as  (Tm)^  Is  approached  from  above. 

Thus  the  picture  that  emerges  Is  the  following.  During  the  early 
part  of  the  pulse,  the  temperature  distribution  Is  nearly  uniform  in  the 
junction  except  at  the  edges.  Yet  a  very  slight  temperature  gradient 
exists,  with  the  center  tending  to  be  the  hottest  region.  Thus  current 
is  forced  from  the  center  region  outward.  Depending  upon  the  detailed 
time  history  in  each  region,  it  is  possible  for  an  outer  location  to  be¬ 
come  hotter  than  the  central  region.  If  this  occurs  as  the  outer  region 
is  passing  through  the  peak  of  the  junction  voltage-temperature  curve 
(see  the  10®  A/m2  curve  in  Fig.  119),  then  more  current  is  drawn  into 
the  outer  region  and  a  filament  develops  there  rather  than  in  the  center 
of  the  diode.  If  the  current  amplitude  is  low,  the  rise  in  temperature 
In  the  outer  region  will  occur  until  the  current  distribution  becomes 
nearly  uniform,  but  the  bias  produced  by  the  cool  edges  will  keep  the 
central  region  the  hottest  part  of  the  diode.  When  the  current  ampli¬ 
tude  is  very  high,  however,  the  hottest  portion  at  the  critical 
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transition  at  V  can  occur  away  from  the  center.  The  systematic 
max 

movement  of  the  spread  in  the  locations  of  the  two  filaments  with  in¬ 
creasing  pulse  amplitude  can  now  be  understood. 

Multiple  filaments  were  described  in  the  experiments  of  Refs.  18- 
20.  The  convergence  of  current  lines  at  a  junction  nucleation  site  in 
a  highly  doped  diode  gives  rise  to  a  potential  gradient  parallel  to  the 
junction  boundary.  Accompanying  the  converging  current  lines  is  a 
spreading  resistance.  The  further  away  that  a  current  line  is  from  the 
junction  channel ,  the  higher  the  spreading  resistance  of  that  line. 

Thus  a  condition  is  reached  some  distance  from  a  filament  where  current 
lines  will  go  straight  across  the  device,  through  another  portion  of 
the  junction,  and  not  through  the  original  channel.  If  the  temperature 
at  another  junction  position  became  high  enough,  then  another  filament 
would  start  at  the  new  junction  hot  spot.  However,  the  double  fila¬ 
ments  of  the  present  model  do  not  arise  for  this  reason,  but  rather  be¬ 
cause  of  the  delicate  balance  imposed  by  the  shapes  of  the  resistivity- 
temperature  and  junction  voltage-temperature  curves  and  the  detailed 
temperature  history  of  the  entire  n  region.  The  present  model  does  not 
include  the  convergence  of  currents  from  different  strips.  After  some 
thought,  it  is  believed  that  the  present  model  cannot  be  readily  mod¬ 
ified  to  include  convergence  of  current  filaments. 

2.  Temperature  profiles 

The  electrical  conductivity  of  the  n+  and  p+  regions  is  suf¬ 
ficiently  high  that  these  regions  experience  little  temperature  rise 
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during  the  times  of  interest.  Thus  the  temperature  profiles  that  fol¬ 
low  will  show  only  the  junction  and  n  region. 

Figures  122a-f  (Runs  1-6)  contain  temperature  profiles  for  various 
excitation  pulse  amplitudes.  The  profile  of  Fig.  122a  at  t  *  5.65  ys 
shows  that  the  temperature  of  the  n  region  is  almost  uniform  except  at 
the  edges.  This  temperature,  500  K,  is  close  to  the  turnover  temper¬ 
ature  of  the  n  region  resistivity-temperature  curve.  As  the  pulse  con¬ 
tinues,  the  temperature  difference  between  the  central  region  and  the 
edges  becomes  accentuated.  The  cooler  regions  move  inward,  while  more 
and  more  current  funnels  through  the  hot  central  region.  The  resistiv¬ 
ity  of  this  central  region  continues  to  decrease  and  its  width  de¬ 
creases,  thus  producing  a  filament.  Inside  the  thermal  filament  shown 
in  Fig.  122a  at  time  t  *  11.32  ys,  the  temperature  is  1173  K  while  the 
cooler  areas  are  at  about  300  K.  In  other  filaments,  temperatures  as 
high  as  1480  K  (melting  point  of  silicon  is  1683  K)  have  been  calcu- 
1 ated . 

The  final  stages  of  the  filament  growth  occur  so  rapidly  that 
large  changes  in  temperature  take  place  during  a  single  time  step  of 
the  computation  and  in  a  space  interval  less  than  that  of  the  spatial 
mesh.  Calculations  then  become  unstable.  However,  it  is  not  fruitful 
to 'reduce  the  time  step  and  spatial  mesh  sizes  to  prevent  this  insta¬ 
bility  since  the  computation  time  then  becomes  prohibitive.  Experi¬ 
ments  show  that  the  temperature  rapidly  rises  until  the  center  of  the 
filament  melts.  The  melt  has  a  conductivity  about  20  times  that  of  the 
high  temperature  solid  and  it  permanently  damages  the  device. 


Fig.  122  (c)  I  *  1 


3.  Voltage  waveforms 

Figure  123  shows  the  temporal  growth  and  ultimate  collapse  of  de¬ 
vice  terminal  voltage  of  Run  1  at  an  amplitude  of  8  mA.  The  J-V-T  be¬ 
havior  of  the  junction,  the  resistivity-temperature  curve  (Fig.  119)  of 
the  bulk  region  characteristics  determine  the  details  of  the  filamen- 
tation  process.  Their  influence  can  be  seen  in  the  voltage  waveforms 
in  which  three  regions  and  a  fixed  point  called  the  turnover  point  can 
be  distinguished.  Initially,  the  device  voltage  rises  due  to  curtailed 
ionization  in  the  junction  region  and  the  positive  slope  of  the  p-T 
curve.  A  state  of  almost  uniform  heating  is  maintained  during  this  in¬ 
terval  (see  Fig.  122a  at  times  2.83  ys  and  5.65  ys).  Attainment  of  the 
peak  of  the  resistivity  curve  next  defines  a  voltage  maximum  (Vpeak). 
Immediately  after  this  peak  the  resistivity  begins  to  fall,  and  a  broad 
filament  initiates  and  develops,  accompanied  by  a  gradual  voltage  drop. 
This  is  the  second  stage  of  fil amentation.  The  third  stage  is  charac¬ 
terized  by  an  almost  vertical  drop  in  voltage  as  the  current  filament 
narrows,  rising  rapidly  both  in  current  density  and  temperature.  As 
indicated  earlier,  the  formation  of  the  melt  channel,  which  is  the  de¬ 
structive  stage  of  second  breakdown,  could  not  be  achieved  in  the  com¬ 
puter  simulation.  This  transition,  however,  is  accompanied  by  an 
abrupt  drop  in  voltage  because  the  resistivity  decreases  by  a  factor  of 
about  20  in  the  melt  transition. 

The  influence  of  the  junction  will  be  examined  in  Fig.  123.  Soon 


after  time  t  ■  0+,  the  junction  region  attains  a  temperature  of  315  K 
whiie  the  rest  of  the  n-region  lags  at  306  K  (Region  A).  The  trend 


B 


Fig.  123.  Voltage  waveform  for  a  constant  current  pulse  of  9  mA. 
The  rise  in  voltage  in  region  A  is  associated  with  the  rises  in 


n-region  resistivity  and  junction  voltage  with  increasing  temperature 
The  n-region  resistivity  reaches  its  maximum  value  at  B.  In  region  C 
the  broad  filament  forms,  and  in  region  D  the  narrow  filament  grows. 
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continues  at  first,  but  the  increase  in  n-region  resistivity  with  con¬ 
stant  pulse  current  causes  the  n  region  to  become  hotter  than  the 
junction  at  3.29  ps.  When  the  n  region  reaches  the  turnover  temper¬ 
ature  (Point  8)  at  5.10  ps,  with  the  device  voltage  peaking  at  463  V, 
the  junction  is  still  not  sufficiently  hot  for  its  voltage  to  drop 
appreciably.  In  Region  C,  the  junction  voltage  changes  only  slightly. 
The  junction  voltage  at  the  location  of  the  filament  drops  sharply 
toward  zero  at  t  =  10.04  ps,  the  onset  of  Region  D. 

Figure  124  a  (Run  2,  It  t  =  9  mA,  JAvg  =  7.5  x  107  A/m2),  shows 
the  time  history  of  the  n  region  (1)  and  junction  (2)  voltages  at  a 
central  filament  site  (102  pm  from  edge),  n  region  (3)  and  junction 
(4)  voltages  at  a  site  adjacent  to  the  filament  where  current  is  a 
minimum  (94  pm  from  edge),  and  n  region  (5)  and  junction  (6)  voltages 
at  a  site  farther  away  from  the  filament  (86  pm  from  edge).  These  are 
the  locations  discussed  earlier  in  connection  with  Figs.  120a  and 
121a.  The  abrupt  drop  in  both  junction  voltages  at  6.5  ps  is  associ- 
ated  with  passing  over  the  maximum  of  the  upper  (J  =  10  A/m  ) 
temperature  curve  of  Fig.  119.  The  abrupt  rise  in  junction  voltage  at 
a  site  away  from  the  filament  is  associated  with  the  growth  of  the 
broad  filament.  This  growth  reduces  the  current  elsewhere,  leading 
to  a  rise  in  junction  voltage  as  the  temperature  drops  toward  that  of 


V 

peak 


and  a  fall  in  n-region  voltage. 


The  latter  is  the  combined  effect 


of  less  current,  but  increasing  resistivity  as  cooling  proceeds  above 


(Tm)R  .  The  narrow  filament  begins  at  about  8  ps  as  the  junction  voltage  drops 
in  the  filament  strip.  Figure  124b  shows  the  time  history  of  the  junction 


Formation 
of  narrow 
f i lament 


Formation 
of  broad 
f ilament 


Fig.  124.  Voltage  waveforms  at  the  junction  (1)  and  across 
the  n  region  (2)  at  a  filament  site,  junction  (3)  and  n  region 
(4)  at  a  site  adjacent  to  a  filament,  and  junction  (5)  and 
n  region  (6)  at  a  site  farther  away  from  the  filament.  Current 
amplitudes  are:  (a)  9  mA,  (b)  11  mA. 
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and  n-region  voltages  for  an  increased  excitation  amplitude  of  11  mA. 
The  sites  of  interest  are  the  n  region  (1)  and  junction  (2)  at  the  fil¬ 
ament  (48  m  from  the  edge),  the  n  region  (3)  and  the  filament  (4)  ad¬ 
jacent  to  the  filament  (44  pm  from  the  edge),  and  the  n  region  (5)  and 
the  filament  (6)  farther  away  from  the  filament  (32  ym  from  edge).  The 
positions  are  those  of  Figs.  120b  and  121b. 

Figure  125  (Runs  1-6)  shows  the  voltage  waveforms  for  various  ex¬ 
citation  pulse  amplitudes  as  functions  of  time.  All  waveforms  have  the 
same  general  features.  High  amplitude,  short  duration  current  pulses 
are  accompanied  by  voltage  pulses  with  high  peak  values. 

4.  Time  delay  for  onset  of  fi lamentation  and  for  instability 

The  temperature-time  history  of  each  portion  of  a  device  depends 
on  the  balance  between  energy  input  and  heat  conduction  from  that  por¬ 
tion.  The  observation  that  there  is  always  a  delay  time  before  second 
breakdown  occurs  led  to  the  idea  that  some  minimum  amount  of  energy, 
called  the  "triggering  energy1',  must  be  dissipated  in  the  device  before 
second  breakdown  will  occur  (1).  Thus  a  delay  time  has  been  defined  as 
the  time  between  the  application  of  a  large  amplitude  pulse  and  the  on¬ 
set  of  second  breakdown.  The  critical  energy  is  associated  with  the 
heat  capacity  of  the  n  region  and  the  peak  of  the  temperature- 
resistivity  curve.  In  this  study,  two  types  of  delay  times  have  been 
distinguished,  one  for  the  onset  of  fil amentation  (  x^^)  and  the  other 
for  instability  (  xjns).  Two  reference  levels,  one  each  for  the  two 
delay  times,  have  been  chosen  arbitrarily  and  are  shown  below  in  Table 
19. 
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TABLE  19 

REFERENCE  LEVELS  FOR  DELAY  TIMES 


Run 

No. 

Film 

Thickness 

(ym) 

Pulse 

Amp! itude 
(mA) 

Appl ied 
Current 
Density, 
(109  A/m2) 

Reference 
Level  for 

Fi  lamentation 
(109  A/m2) 

Reference 
Level  for 
Instability 
(109  A/m2) 

1 

.6 

8 

.065 

.130 

1.30 

2 

.6 

9 

.073 

.146 

1.46 

3 

.6 

10 

.082 

.164 

1.64 

4 

.6 

11 

.090 

.180 

1.80 

5 

.6 

12 

.098 

.196 

1.96 

18 

1.2 

21 

.086 

.172 

1.72 

Delay  time  t is  defined  as  the  time  at  which  the  current  density 
inside  the  filament  increases  by  a  factor  of  2  over  the  average  current 
density,  and  tin$  is  defined  as  the  time  at  which  the  current  density 
increases  by  a  factor  of  20  over  the  average  current  density. 

Figure  126  shows  the  delay  times  as  functions  of  applied  pulse  am¬ 
plitude.  The  time  delays  decrease  approximately  linearly  as  amplitude 
increases.  The  time  between  the  onset  of  fi lamentation  and  the  onset 
of  instability  was  greatly  reduced  for  double  filaments. 

Each  of  the  set  of  curves  in  Figs.  127a-d  compare  current  distri¬ 
butions  at  fixed  times  using  the  data  of  Runs  1-6.  Thus  in  Fig.  127a, 
the  configurations  are  given  at  time  t  =  3.5  ys  for  current  amplitudes 
of  8-12  mA.  These  are  the  configurations  that  would  occur  if  each 
pulse  were  terminated  at  3.5  ys.  Figs  127a-d  cover  pulse  lengths  of 
3.5,  4.1,  7.5,  and  9.7  ys.  It  Is  seen  that  pulses  of  shorter  durations 
can  sustain  higher  current  amplitudes.  This  lends  weight  to  the  con¬ 
cept  of  a  minimum  energy  input  required  for  the  second  breakdown 
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Fig.  126.  Delay  times  for  the  onset  of  f ilamentation 
and  for  the  onset  of  instability  for  different  pulse 
amplitudes. 
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Fig.  127.  Effect  of  pulse  amplitude  on  current  distributions 
at  constant  pulse  length.  Pulse  lengths  are:  (a)  3.5  us, 

(b)  4.1  us,  (c)  7.5  us,  (d)  9.7  us. 
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transition.  For  a  given  current,  the  Input  energy  for  the  onset  of 


fll amentatlon  and  for  Instability  are  computed  by  evaluating  the  energy 
added  to  the  device  prior  to  the  characteristic  times,  *fii  and  T^ns, 
respectively.  Figure  128  shows  the  input  energies  as  functions  of  the 
square  root  of  delay  times.  As  the  delay  time  increases,  the  energy 
requirement  for  fll amentation  and  for  instability  increases.  Once  fil- 
amentation  has  been  initiated,  only  a  small  additional  amount  of  energy 
is  required  to  reach  the  runaway  condition. 

5.  Double  step  pulses 

In  the  experiments  of  Ref.  64,  the  fll amentation  pattern  varied 
with  pulse  amplitude.  The  calculations  here  on  uniform  specimens  have 
yielded  single  and  double  filaments  at  low  and  high  current  densities, 
respectively.  In  the  experiments,  some  tests  were  made  with  pulses 
that  had  an  Initial  rise  to  one  amplitude,  then  a  rise  to  a  second 
level.  The  fllamentatlon  pattern  changed  from  that  characteristic  of 
the  first  level  to  that  of  the  second  level,  the  transition  occurring 
during  the  thermal  constant  of  the  system  -  a  few  microseconds.  Also, 
the  results  of  a  double- step  current  pulse  give  a  perspective  on  the 
behavior  of  the  device  if  a  constant  voltage  pulse  were  applied.  As 
heating  occurs  in  a  constant  voltage  pulse,  the  current  will  first  de¬ 
crease.  At  sufficiently  high  temperatures,  however,  the  current  would 
rise.  A  two-step  current  pulse  during  filamentation  can  thus  be  used 
to  approximate  a  constant  voltage  pulse. 

Three  cases  of  applied  two-step  current  pulses  were  investigated, 
with  step  heights  of  9-11,  10-10.5  and  10-11  mA.  In  each  case,  the 
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second  step  was  added  at  a  time  after  the  voltage  peak  was  reached. 

The  lower  step  amplitudes  were  chosen  for  their  single  filament  prop¬ 
erty  when  acting  alone,  while  the  higher  steps  were  chosen  because  they 
displayed  double  filaments  when  applied  alone.  A  representative, 
double-step  current  waveform  Is  shown  In  Fig.  129  while  current  distri¬ 
butions  are  given  In  Figs.  130-132  for  Runs  7-9.  It  Is  apparent  that 
application  of  the  second  step  at  such  an  advanced  stage  of  filamen- 
tatlon  does  not  affect  the  original  current  distribution  to  any  notice¬ 
able  extent.  Delay  times  t^-|  and  T^ns  are  shorter  for  a  double-step 
pulse  when  compared  to  the  corresponding  delay  time  of  the  second  level 
when  acting  alone.  For  example,  In  the  case  of  9-11  mA  double-step, 
delay  time  t f ^  is  6.92  ys.  But  when  single  step  pulse  of  11  mA  is 
applied,  the  equivalent  delay  time  is  3.70  us.  Only  single  filaments 
are  obtained  In  each  case.  Thus,  for  the  conditions  employed,  the  fil- 
amentatlon  pattern  for  constant  current  and  constant  voltage  pulses  Is 
similar. 

B.  Diode  with  spikes  on  the  p+n  junction 
1.  Current  distributions 

F11 amentation  in  SOS  diodes  with  deliberately  introduced  junction 
spikes  is  being  studied  experimentally  concurrently  with  the  present 
work.  The  experimental  devices  have  triangular  spikes.  To  simulate 
these  diodes  the  geometry  of  Fig.  133  is  used.  For  ease  in  computer 
programming,  the  spike  head  was  made  flat  Instead  of  being  pointed  as 
Is  the  case  In  actual  diodes.  In  the  present  model,  which  does  not 
allow  for  current  convergence  across  strips,  there  is  no  effect  of  a 
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Fig.  130.  Current  distributions  for  single  and  double  step 
pulses  of  the  same  duration.  The  single  step  pulse  has  an 
amplitude  of  9  oA  and  a  duration  of  8.62  us.  The  double 
step  has  an  amplitude  of  9  mA  for  the  first  6.90  us  and  an 
amplitude  of  11  mA  for  an  additional  1.72  us. 


in  imamm*  n  i 


DISTANCE  FROM  DEVICE  EOCE.JUM 


Fig.  131.  Current  distributions  for  single  and  double  step 
pulses.  The  single  step  pulse  has  an  amplitude  of  10  mA  and 
a  duration  of  7.28  ps.  The  double  step  pulse  has  an  amplitude 
of  10  mA  for  the  first  A. 89  ps  and  an  amplitude  of  10.5  mA  for 
another  2.39  ps. 
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Fig.  132.  Current  distributions  for  single  and  double  step 
pulses  of  the  sane  duration.  The  single  step  pulse  has  an 
amplitude  of  10  mA  and  a  duration  of  7.78  ps.  The  double 
pulse  has  an  amplitude  of  10  mA  for  the  first  6.49  ps  and  an 
amplitude  of  11  mA  for  another  1.29  ps. 


sharp  corner.  The  effect  of  the  spike  is  to  decrease  the  length  of  the 
n  region  in  the  strip  with  the  spike  relative  to  the  length  of  the  n  re¬ 
gion  of  surrounding  strips.  In  another  numerical  investigation^8,  the 
effect  of  the  presence  of  a  small  inhomogeneity  on  a  thin  silicon  film 
without  a  junction  was  studied.  The  analysis  showed  that  a  filament  oc¬ 
curs  along  the  center  line  of  a  homogeneous  rectangular  strip.  When  an 
in homogeneity  in  the  form  of  a  small  intrusion  is  located  off  center,  a 
filament  forms,  not  at  the  center  and  not  at  the  intrusion,  but  between 
the  two.  01son52  theorized  that  if  defects  are  regarded  as  localiza¬ 
tions  of  altered  dc  conductance,  then  they  could  be  expected  to  function 
as  nucleating  centers  for  thermal  filaments.  He  also  remarked  that  ' 
since  a  filament  in  an  ideal  chip  forms  at  the  center,  perhaps  a  defect 
near  the  center  of  the  chip  would  be  more  likely  to  cause  premature  f i 1  - 
amentation  than  a  defect  near  the  edge. 

Figures  134a-e  (Runs  11-16)  show  current  distributions  over  a  diode 
containing  diffusion  spikes.  In  each  figure,  a  particular  curve  repre¬ 
sents  the  current  configuration  at  a  particular  time  for  a  constant  ex¬ 
citation  amplitude.  All  of  the  filaments  formed  at  the  three  junction 
spikes.  Additionally,  it  can  be  seen  that  right  from  the  onset  of  the 
pulse,  tne  spikes  start  acting  as  nucleation  sites  facilitating  filament 
formation  to  a  great  extent.  For  8  mA,  the  current  density  within  the 
filament  closest  to  the  edge  was  lower  (1.05  x  108  A/m2)  than  the  other 
two  (1.61  x  108  A/m2  and  1.51  x  108  A/m2)  at  time  6.6  us.  The  same  was 
also  true  for  9  mA  current  pulse.  However,  at  10  mA  and  above,  all 
three  filaments  attained  the  same  peak  current  density. 


Fig.  134.  Current  distributions  at  different  times  in  an 
SOS  diode  with  three  p  n  diffusion  spikes.  Total  currents 
are:  (a)  8  mA,  (b)  9  mA,  (c)  10  mA,  (d)  11  mA,  (e)  12  mA. 
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Comparison  can  be  made  of  the  time  required  for  filaments  to  form 
(see  Table  19  for  criterion  for  filament  formation)  at  a  particular 
current  amplitude  for  diodes  with  and  without  spikes.  For  example,  at 
an  excitation  amplitude  of  10  mA,  delay  time  t^i  is  5.58  us  for  a 
diode  with  straight  junction  while  for  a  spiked  diode  it  is  reduced  to 
2.49  us. 


2.  Temperature  profiles 

Figures  135a-e  (Runs  11-16)  show  thermal  profiles  at  various  ex¬ 
citation  pulse  amplitudes  and  times  for  diodes  with  triple  spikes. 

These  profiles  follow  the  corresponding  current  distributions  in 
showing  three  thermal  filaments  nucleating  at  spike  sites.  From  these 
figures  It  appears  that  the  n  region  does  not  get  nearly  as  hot  prior 
to  filament  growth  when  spikes  are  present.  Thus  spike  growths  influ¬ 
ence  the  threshold  for  fi lamentation.  The  temperature-time  and 
current-time  histories  are  shown  in  Figs.  136  and  137,  respectively, 
for  one  filament  of  Run  15.  As  in  the  case  of  uniform  junctions,  the 
regions  of  concern  are,  the  n  region  (1)  and  the  junction  (2)  region  of 
the  strip  In  the  center  of  the  filament  (52  um  from  edge),  the  n  region 
(3)  and  the  junction  (4)  of  a  strip  adjacent  to  the  filament  site  (56 
um  from  edge)  where  the  current  Is  a  minimum,  and  the  n  region  (5)  and 
junction  (6)  of  a  strip  farther  removed  from  the  current  filament  (68 
um  from  edge). 
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(a)  ItQt  -  8  mA. 

Fig.  135.  Temporal  development  of  temperature  profiles  of  a  p+n 
spike  diode  for  pulse  amplitudes  of  (a)  8  mA,  (b)  9  mA,  (c)  10  mA, 
(d)  11  mA,  (e)  12  mA. 
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Fig.  135  (e)  I  *  12  mA 
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Fig.  136.  Temporal  development  temperature  at  various 
positions  of  an  SOS  diode  with  p  n  triple  spikes.  Tempera¬ 
tures  at  a  filament  site  in  the  junction  (1)  and  n  region  (2), 
adjacent  to  the  filament  (where  the  current  is  a  minimum)  in 
the  junction  (3)  and  n  region  (4) ,  and  farther  away  from  the 
filament  in  the  junction  (5)  and  in  the  n  region  (6).  The 
pulse  amplitude  is  9  mA. 


Fig.  137.  Time  development  of  current  in  a  p  n  triple  9piked 
diode  (1)  at  a  filament  site,  (2)  adjacent  to  the  filament 
(where  current  is  a  minimum),  and  (3)  at  a  site  farther  away 
from  the  filament.  The  applied  pulse  amplitude  is  9  mA. 


3.  Voltage  waveforms 

Voltage  waveforms  are  shown  in  Figs.  138  and  139  for  the  runs  of 
Figs.  134  (a-e).  The  shapes  of  these  curves  are  similar  as  a  group  but 
differ  in  one  respect  from  those  of  the  diodes  with  straight  junctions 
discussed  earlier.  Here,  the  voltage  drop  after  attaining  Vp^  was 
almost  vertical  and  showed  no  region  similar  to  Region  C  of  Fig.  123. 
Figure  140  shows  voltage  waveforms  across  the  n  region  and  across  the 
junction  at  the  positions  used  In  Fig.  136.  The  localization  provided 
by  the  geometric  variation  intensifies  the  growth  rate  of  the  fila¬ 
ments,  so  that  instability  is  reached  at  an  earlier  time  compared  with 
smooth  junction  devices  at  the  same  current  amplitude.  A1 ternati vely, 
if  pulse  duration  Is  maintained  the  same,  filament  instability  occurs 
at  a  lower  pulse  amplitude  in  the  presence  of  spikes.  This  will  be 
discussed  further  In  connection  with  delay  times  for  fi lamentation  and 
for  instability.  In  the  case  of  junction  spikes,  no  initial  broad  fil¬ 
ament  could  be  discerned.  Current  localization  begins  immediately,  be¬ 
fore  thermal  effects  come  into  play.  The  major  portion  of  the  device 
never  becomes  as  hot  as  it  does  in  the  absence  of  junction  spikes.  If 
the  spikes  are  less  than  some  critical  size,  they  will  no  longer  dom¬ 
inate  the  filamentation  process.  This  critical  size  can  be  estimated 
by  equating  the  decrease  in  strip  resistance  of  the  n  region  due  to  the 
decrease  In  n  region  length  associated  with  the  spike  with  the  increase 
In  resistivity  accompanying  the  temperature  rise  in  the  strip.  (The 
Increased  resistance  due  to  temperature  ballasts  the  strip). 
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Fig.  138.  Voltage  waveform  for  a  p  n  spiked  diode.  The 
excitation  pulse  amplitude  is  8  mA.  An  abrupt  drop  in 
voltage  occurs  after  point  B,  thereby  eliminating  region  C 
(see  Fig.  123)  where  growth  of  a  broad  filament  occurs  in 
a  uniform  junction  diode. 
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Fig.  140.  Voltage  waveforms  for  various  portions  of  a  p+n 
spiked  diode.  The  junction  (1)  and  n  region  (2)  waveforms 
at  the  filament  site,  junction  (3)  and  n  region  (4)  waveforms 
at  a  site  adjacent  to  the  filament,  and  junction  (5)  and  n 
region  (6)  waveforms  at  a  site  farther  away  from  the  filament 
site  are  shown.  The  pulse  amplitude  is  9  mA. 


If  the  n-region  length  is  L,  the  spike  height  H,  strip  width 
W,  and  film  thickness  d  (see  Fig.  133),  the  resistance  decrease  to  the 
spike  is 


UR)spike  =  -  p  JL 
K  Wd 

The  resistance  increase  due  to  the  temperature  change  from  T  to  T  +  aT 
in  the  length  (L-H)  that  ballasts  the  spike  is 


(AR)ballast  *  C^>)  aT  (L“H ) 

At  the  critical  condition  (ARjjp^g  +  (AR)ballast  =  0 


-  o  H  +  rdo\  AT  (L-H)  =  0 

WJ  lid 


and 


aT 


The  derivative  (dp/dT)j  is  greater  at  the  initial  ambient  temperature 
than  at  higher  temperatures.  The  size  of  aT  for  a  particular  time  step 
depends  on  the  current  amplitude,  n  region  doping  density,  and  the 
length  of  the  time  step.  In  the  present  calculations,  for  conditions 
during  the  early  part  of  the  pulse,  a  time  step  of  0.01  ys  and  an  n 
region  doping  density  of  10^2  atoms/m?,  a  plausible  expression  for  aT 
is 


AT  =  k  Itot 


where  k  Is  equal  to  91.25  K/A  for  8  mA,  and  121.66  K/A  for  12  mA  for  n 
region  doping  of  1022  atoms/m^  and  step  size  of  .01  ys.  The  expression 
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for  the  critical  value  of  spike  height  becomes 


H 


<&>/ Itot  L 

p  +  (d£)T  k  Hot 


If  the  change  in  p  due  to  the  temperature  rise  is  small  compared 
to  p  Itself  during  the  time  step,  then 


H  ■  7  (&>T  k  L  It0t 

The  size  of  the  critical  spike  is  thus  proportional  to  the  fractional 
change  in  resistivity  with  temperature  at  ambient  temperature,  the 
length  of  the  n  region,  and  the  current  amplitude.  For  the  present  di¬ 
odes 

1  (dpi  *  9.7  x  10~3  K“l;  L  *  30  pm 
p  <JT  300 

Thus,  at  a  current  of  8  mA,  the  critical  spike  height  is  estimated  to 
be  0.20  pm,  while  at  12  mA,  it  is  0.32  pm.  To  this  end,  runs  19  and  20 
were  made  with  these  critical  spike  heights  at  .20  and  .32  pm,  respec¬ 
tively,  and  in  each  case,  three  distinct  narrow  filaments  at  the  spike 
sites  were  observed.  Additional  runs  should  be  taken  for  spike  heights 
less  than  the  critical  size  to  test  the  validity  of  the  above  analysis. 


4.  Delay  times 

Delay  times  for  the  onset  of  fil amentation  and  the  onset  of  in¬ 
stability  (see  Table  19  for  definitions)  are  plotted  as  functions  of 
excitation  pulse  amplitudes  In  Fig.  141.  Figure  141  shows  that  the 
time  Interval  between  onset  of  fllamentation  and  instability  is  about  1 
ps,  and  Independent  of  amplitude.  Thus  the  onset  of  fllamentation  is  a 


Fig.  141.  Delay  time  for  the  onset  of  filamentation  (1) 
and  for  instability  (2)  at  various  excitation  amplitudes 
for  a  p+n  spiked  diode. 


Fig.  142.  Input  energy  for  the  onset  of  filamentation  (1) 
and  for  the  onset  of  instability  (2)  as  a  function  of  the 
square  roots  of  the  delay  times,  x,  -  and  x.  ,  respectively. 
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good  Indicator  that  the  threshold  of  damage  is  about  1  us  away  in  the 
pulse.  The  input  energies  for  filamentation  and  for  instability  are 
shown  in  Fig.  142  as  functions  of  the  square  root  of  delay  time.  Com¬ 
parisons  of  both  delay  times  and  input  energies  for  the  cases  of 
straight  and  inhomogeneous  junctions  show,  for  junctions  with  spikes, 
that  delay  times  are  shorter  and  the  input  energy  requirements  are 
smaller.  For  example,  at  an  excitation  pulse  of  10  mA,  the  delay  time 
and  input  energy  for  filamentation  are  5.58  us  and  2.120  x  10~5  Joules, 
respectively,  for  a  uniform  diode.  The  same  quantities  for  a  triple 
spiked  diode  are  2.492  us  and  0.866  x  10"^  Joules,  respectively.  Thus 
it  can  be  concluded  that  presence  of  inhomogeneities  facilitates  fila¬ 
mentation  to  a  large  extent  by  lowering  the  minimum  energy  requirement 
and  by  decreasing  the  time  delay  for  onset  of  filamentation  for  a  given 
current  amplitude  (or,  equivalently,  lowering  the  current  amplitude  for 
the  same  delay  time). 

5.  Role  of  film  thickness 

All  of  the  data  discussed  so  far  have  been  based  on  diodes  0.6  um 
thick.  Computations  were  also  performed  for  diodes  having  a  thickness 
of  1.2  um  at  a  current  level  of  11  mA,  one  for  a  diode  with  no  defects 
and  the  other  for  a  diode  with  three  junction  spikes  as  above.  No  fil¬ 
aments  formed  during  the  9.59  us  pulse  in  the  uniform  junction  diode. 
Filaments  occurred  at  the  spikes  locations  in  the  spiked  structure,  as 
indicated  In  Figs.  143  and  144. 

The  voltage  waveform  for  1.2  um  thickness  and  junction  spikes  is 


shown  In  Fig.  145.  The  shape  is  similar  to  that  of  the  0.6  um  diode, 
but  region  C  is  less  prominent  and  the  small  ripples  are  almost  absent. 


spiked  diode  when  the  silicon  film  thickness  is  1.2  urn.  The 


current  in  the  third  spike  is  lower  than  that  of  its  surround- 


Fig.  144.  Temperature  profiles  of  a  p  n  spiked  diode  as  they 
develop  in  time.  Pulse  length  is  9.12  ys,  amplitude  is  ll  mA, 
and  silicon  film  thickness  is  1.2  urn. 
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Fig.  145.  Voltage  waveform  for  a  p  n  spiked  diode  with  silicon 
film  thickness  of  1.2  pm.  Here  region  C  is  clearly  discernible 
but  the  waveform  is  more  like  those  of  Fig.  139  (p  n  spike,  0.6 
urn  thickness)  than  that  of  Fig.  123  (uniform  junction,  0.6  ym 
thickness).  The  pulse  amplitude  is  11  mA. 
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Current  distributions  are  compared  in  Fig.  146  for  spiked  diodes 
0.6  urn  and  1.2  urn  thick  at  t  *  1.88  us,  each  diode  being  excited  by  a 
pulse  of  the  same  current  density  of  .086  x  10^  A/it£.  Only  the  run  for 
the  1.2  ym  diode  was  able  to  produce  filaments  in  1.88  ys. 

C.  Diode  with  spikes  on  the  n+n  junction 
1.  Program  modifications 

Calculations  on  diodes  with  spikes  on  the  n+n  junction  were  per¬ 
formed  by  modifying  the  p+n  spike  programs  developed  by  Baruah.  While 
the  modifications  were  being  made,  a  revised  set  of  JVT  characteristics 
was  being  produced.  Although  these  were  not  completed  in  time  to  be 
included,  they  suggested  that  the  junction  width  used  by  Baruah,  4um, 
may  have  been  too  wide.  As  indicated  in  the  discussion  of  JVT  charac¬ 
teristics,  at  high  current  densities  solutions  are  obtainable  only  at 
temperatures  above  600  K  (high  density  of  thermally  generated  carriers) 
or  a  high  velocity  for  carriers  is  hypothesized.  Although  the  junction 
width  is  a  known  function  of  temperature  and  current  density,  utiliza¬ 
tion  of  a  variable  junction  width  would  complicate  computation  of  the 
heat  transfer  to  the  junction  element  and  each  surrounding  element. 
However,  Liou  took  the  junction  width  to  be  3  ym.  He  also  developed  an 
analytical  interpolation  scheme  to  replace  the  interpolation  program 
used  by  Baruah  to  obtain  junction  voltage.  This  change  removed  some 
spurious  oscillations  that  had  been  occurring  in  the  solutions  of  the  model . 

To  allow  comparison  of  the  n+n  spike  calculations  with  uniform  junction 
and  p+n  spike  calculations ,  Liou  used  his  interpolation  scheme  and  3  ym 
junction  width  to  calculate  the  uni  form  junction  and  p+n  spike  junction  for 
the  7  mA  exci  tation  current.  These  results  will  be  presented  before  going  to 
the  n+n  spike  junction  diodes. 
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2.  Uniform  junction  diode  (modified  program) 

Figures  147-151  show  the  results  of  a  7  tnA  excitation  pulse  ampli¬ 
tude  for  a  uniform  junction  diode.  The  current  distributions  at  vari¬ 
ous  times  are  shown  in  Figs.  147a, b. 

At  0.17  us  from  the  beginning  of  the  pulse,  the  current  is  almost 
constant  through  all  strips  on  the  diode.  At  13.98  ys,  a  broad  fila¬ 
ment  is  beginning  to  form,  becoming  better  defined  by  15.98  ys.  From 
that  time  conductance  changes  rapidly.  At  16.98  ys  (Fig.  147b)  the 
broad  filament  has  been  broken  into  two  filaments,  each  with  a  fine 
structure.  These  evolve  rapidly  with  the  fine  structure  almost  gone  by 
17.48  ys.  The  calculations  have  to  be  terminated  at  17.78  ys  because 
conditions  are  then  changing  too  rapidly  to  obtain  stable  solutions. 

The  filaments  then  have  a  peak  current  density  about  ten  times  higher 
than  the  original  current  density  and  about  100  times  higher  than  the 
current  density  of  the  remainder  of  the  diode. 

Figures  148a  and  b  show  three-dimensional,  temporal  development  of 
temperature  profiles  in  the  n  region.  They  show  that  the  growth  of 
thermal  filaments  coincides  with  the  growth  of  current  filaments  shown 
in  Figs.  147a  and  b.  At  0.17  ys,  the  junction  was  at  a  uniform  temper¬ 
ature  except  at  the  diode  edges  and  has  a  higher  temperature  than  that 
of  the  n  region.  Evolution  of  the  broad  filament,  times  13.98  and 
15.98  ys,  is  shown.  At  16.98  ys  (Fig.  148b)  the  double  filaments  with 
the  fine  current  structure  are  seen  to  exhibit  a  corresponding  thermal 
distribution.  These  filaments  rapidly  sharpen,  as  shown  in  the  pro¬ 
files  of  17.48  and  17.78  ys.  The  temperature  of  the  peaks  at  17.78  ys 
is  1100  K,  while  that  midway  between  a  peak  and  the  diode  edge  is  about 
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Fig.  147  (b) .  Current  distributions  at  times  0.17,  16.98,  17.48,  17.78 
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Fig.  148.  Temporal  development  of  temperature  profiles  of  uniform 
junction  diode  for  a  7  mA  pulse  amplitude.  Note  the  higher  tempera¬ 
tures  of  the  junction  region  compared  to  the  n  region  prior  to  the 
development  of  the  double  filaments. 

(a)  Temperature  profiles  at  times  of  0.17,  13.98,  15.98  and  17.78  us 
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Fig.  149.  Temporal  development  of  temperature  in  a  uniform  junction 
diode  at  a  pulse  amplitude  of  7  mA. 

(a)  Temperature  profile  of  the  mid  points  of  the  n  region  of  strips 
with  current  filaments  (78  and  118  ym  from  the  device  edge). 
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Fig.  149  (b) .  Temperature  profiles  of  the  mid  points  of  the  n  region 
of  strips  not  containing  current  filaments  (filaments  are  located 
78  and  118  um  from  the  diode  edge) . 
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Fig.  150.  Junction  and  n-region  voltage  waveforms  of  the  indicated 
strips  of  a  uniform  junction  diode  excited  by  a  pulse  of  7  mA. 
Filaments  form  at  78  and  118  urn. 
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430  K.  The  appearance  of  a  double  filament  at  the  low  current  level  of 
7  mA  (compare  to  the  lowest  value  of  Baruah,  8  mA)  is  a  surprise,  since 
Baruah  obtained  double  filaments  only  at  higher  levels  of  excitation. 

The  temporal  development  of  the  temperature  configuration  through¬ 
out  the  n  region  is  shown  in  Figs.  149a, b.  Each  curve  describes  the 
temperature-time  history  at  the  center  of  the  n  region  of  a  particular 
strip.  The  distances  show  the  locations  of  the  strips  from  the  left 
hand  side  of  the  diode.  Figure  149a  shows  the  temperature  development 
at  the  filament  locations  while  Fig.  149b  shows  those  away  from  the 
filaments.  The  temperatures  of  these  strips  increase  in  the  same  man¬ 
ner  until  t  *  12  us.  Then,  the  changes  of  the  filamentation  process 
take  place,  with  heating  at  the  filament  locations  and  cooling  else¬ 
where.  Fig.  150  shows  the  junction  voltages  and  the  n-region  voltages 
of  various  strips  located  away  from  the  filaments  (34,  74,  134  urn)  and 
strips  with  filaments  (82  and  118  urn).  It  may  be  seen  that  the  junc¬ 
tion  voltages  of  the  filament  strips  are  higher  than  those  without  fil¬ 
aments,  while  the  n-region  voltages  are  lower.  In  this  case  the  growth 
of  the  filament  is  clearly  correlated  to  the  drop  in  junction  voltage 
at  the  filament  site  when  the  temperature  at  the  junction  goes  to  its 
fall-off  value  of  760  K  (see  Fig.  119).  Comparison  of  the  above  curves 
with  the  corresponding  ones  of  Baruah  shows  that  changing  the  junction 
width  from  4  urn  to  3  urn  has  increased  the  junction  temperature  sig¬ 
nificantly  so  that  the  junction  now  plays  a  more  dominant  role  in  the  fila¬ 
mentation  process.  Comparison  of  theory  and  experiment  suggests  that 
the  3  urn  distance  gives  better  agreement  with  experiment  than  does  the 
4  pm  width. 


Figure  151  shows  the  temporal  development  of  the  terminal  voltage 


of  the  diode.  In  region  A  the  diode  is  heating  in  both  the  n  region 
and  junction  region  with  the  n-region  temperature  coefficient  of  resis¬ 
tivity  increasing  with  temperature.  At  point  B  the  bulk  resistivity  of 
the  n-region  is  a  maximum  and  the  diode  voltage  reaches  a  maximum  of 
418  V.  In  region  C  there  is  further  heating  of  the  n  region,  with  the 
temperature  coefficient  of  resistivity  now  negative.  Growth  of  the 
broad  filament  starts  at  12  us.  Finally  in  region  D  rapid  growth  of 
the  double  filaments  occur. 

The  voltage  waveform  of  Fig.  151  may  be  compared  with  that  in  Fig. 
125  at  8  mA  obtained  by  Baruah.  It  is  seen  that  the  voltage  waveform 
of  the  7  mA  calculation  is  very  similar  to  that  of  the  8  mA  calcula¬ 
tion,  with  (as  they  should  be)  the  times  for  the  peak,  broad  filament, 
and  sharp  filaments  being  longer  for  the  7  mA  case  than  for  the  8  mA. 
Thus,  one  must  regard  the  differences  in  the  filament  structure  as  be¬ 
ing  due  to  rather  small  differences  in  the  course  of  the  two  solutions. 

3.  p+n  diffusion  spike  diode  (modified  program) 

Figures  152-156  show  the  results  of  a  7  mA  excitation  pulse  ampli¬ 
tude  for  a  p+n  diffusion  spike  diode.  The  spike  shape  and  locations 
were  shown  in  Fig.  133.  The  current  distributions  at  various  times  are 
shown  in  Figs.  152a  and  b.  At  0.96  us  from  the  beginning  of  the  pulse, 
the  current  is  uniform  except  for  the  edges  and  spike  locations.  At 
7.46  ys,  the  current  distribution  is  almost  unchanged.  Between  7.46  us 
and  8.56  ys,  the  current  in  the  spikes  increases  three-fold.  At  9.06 
us  strong  current  filaments  have  been  formed  at  the  spike  locations. 
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Fig.  152.  Current  distributions  in  a  p+n  diffusion  spike  diode  at 
the  indicated  times  for  a  7  mA  pulse  amplitude. 

(a)  Current  configurations  at  0.96,  7.46,  8.56,  and  9.67  us. 


yynor 


412 


D  i  37PNCc  r. Z  y‘  ZZ-\ZZ  ZZ'Z.M” 

Fig.  152  (b) .  Current  configurations  at  0.96,  9.06,  9.56,  and  9.67  us 
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Their  further  growth  is  shown  by  the  current  configurations  at  9.56  and 
9.67  us . 

Figures  153a  and  b  show  three  dimensional,  temporal  development  of 
temperature  profiles  corresponding  to  the  current  distribution  of  Figs. 
152a, b.  They  show  that  the  growth  of  thermal  filaments  correlates  with 
the  growth  of  the  current  filaments.  At  0.96  ps  the  n  region  is  almost 
uniformly  heated  except  for  small  peaks  at  the  spike  locations  and 
cooler  edges.  The  junction  was  a  little  hotter  than  the  n  region.  At 
7.46  ps  and  8.56  ps,  the  same  pattern  persists  except  that  the  temper¬ 
ature  of  the  n  region  in  the  non-spike  locations  exceeds  the  tempera¬ 
ture  of  the  junction  at  these  locations.  The  peak  of  the  temperature 
resistivity  curve  at  the  spike  locations  occurs  between  times  of  8.56 
and  9.06  ps.  The  thermal  profiles  during  the  period  of  rapid  growth  of 
filament  current  are  in  the  9.06-9.67  ps  figures.  As  filament  tempera¬ 
ture  rises,  the  temperature  elsewhere  falls. 

The  temporal  development  of  the  temperature  of  the  center  of  the  n 
region  for  various  strips  is  shown  in  Fig.  154.  The  strips  at  50,  102, 
and  174  urn  are  on  the  spike  locations,  while  38,  74  and  126  pm  are 
strips  off  the  spikes.  The  curves  of  Fig.  154  show  that  the  tempera¬ 
tures  of  the  strips  with  spikes  are  a  little  higher  than  those  of  the 
strips  off  the  spikes  before  the  filaments  were  formed.  As  the  fila¬ 
ments  grew,  the  temperatures  of  the  strips  on  the  spikes  also  increased 
rapidly,  while  the  temperatures  of  the  strips  off  the  spikes  decreased. 

Figures  155a, b  show  the  junction  and  n-region  voltages  of  strips 
off  and  on  the  spikes,  respectively.  The  junction  voltages  of  the 
strips  containing  the  spikes  become  lower  than  those  of  the  strips  off 
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Fig.  154.  The  temporal  development  of  temperature  at  various 
portions  of  a  p+n  spike  diode  with  a  7  mA  current  pulse.  Spike 
locations  are  50,  102  and  174  ym.  Temperatures  are  measured  midway 
across  the  n  region. 
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Fig.  155.  Junction  voltage  and  corresponding  n-region  voltage 
waveforms  for  a  p+n  spike  diode. 

(a)  Strips  away  from  spikes. 
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the  spikes  at  the  end  of  pulse.  In  both  cases  there  are  voltage  drops 
as  the  filaments  occurred.  At  the  filament  locations  the  voltage  falls 
because  of  the  high  minority  carrier  injection  at  elevated  tempera¬ 
tures,  while  away  from  the  filaments  the  junction  voltage  falls  because 
of  the  lowering  of  the  junction  temperature.  Figure  156  shows  the  tem¬ 
poral  development  of  the  terminal  voltage  of  the  diode.  In  region  A 
there  is  no  heavy  concentration  of  current  at  the  spike  locations, 
gradual  heating  of  the  n  region,  and  a  positive  temperature  coefficient 
of  resistivity,  similar  to  region  A  of  the  uniform  junction  case. 

Point  B  is  408  V,  about  10  V  lower  than  that  of  the  uniform  junction 
diode  under  7  mA  pulse  amplitude.  Region  C  is  much  shorter  than  that 
of  the  7  mA  uniform  junction  diode  (Fig.  151).  The  current  and  the 
temperature  of  strips  with  spikes  rise  much  faster  than  those  of  the 
other  strips  in  region  C.  Thus  the  filaments  grow  up  earlier  than 
those  of  the  uniform  junction  diode. 

The  voltage  waveforms  of  Baruah  for  p+n  junction  spike  diodes  and 
pulse  amplitudes  in  the  range  3-12  .mA  are  shown  in  Fig.  139.  In  each 
case  filaments  formed  at  spikes,  similar  to  the  7  mA  pulse  just  de¬ 
scribed.  The  voltage  waveforms  of  diodes  with  spikes  are  virtually 
identical  to  those  without  spikes  at  corresponding  levels  of  excitation 
up  to  the  cutoff  point  of  the  spike  diode  waveforms.  Thus  the  energy 
threshold  for  destructive  breakdown  is  significantly  larger  for  the  un¬ 
iform  junction  at  a  particular  current  level.  At  the  same  time,  the 
voltage  thresholds  (measured  by  the  peak  voltages)  are  virtually  the 
same  for  a  particular  level  of  excitation.  Delay  times  are  signifi- 
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cantly  shorter  for  the  spiked  diodes  at  a  particular  level  of  excita¬ 
tion. 


4.  n+n  diffusion  spike  diode  (modified  program) 

Figures  157-161  show  the  results  of  7  mA  excitation  pulse  ampli¬ 
tude  for  an  n+n  diffusion  spike  diode.  The  spike  shape  and  the  strips 
on  which  they  are  located  are  the  same  as  in  Fig.  133,  but  the  spikes 
are  on  the  n+n  junction.  Figure  157  shows  the  current  distributions  at 
various  times.  Upon  comparing  Fig.  157  and  Fig.  152b,  current  fila¬ 
ments  are  found  to  be  better  formed  at  the  time  9.06  us  for  the  n+n 
diffusion  spike  diode  than  they  are  for  the  p+n  diffusion  spike  diode. 
The  corresponding  temperature  profiles  shown  in  Fig.  158  also  show  this 
feature  at  9.06  us  (p+n  diffusion  spike  results  are  shown  in  Fig.  153). 
The  temperatures  of  the  strips  without  spikes  fell  as  the  filaments 
formed  at  the  strips  with  spikes. 

The  temporal  development  of  the  temperature  for  various  strips  is 
shown  in  Fig.  159.  The  strips  50,  102  and  174  urn  are  the  spike  loca¬ 
tions,  while  38,  74  and  126  urn  are  strips  without  spikes.  As  the  cur¬ 
rent  in  the  filaments  increased  at  the  spike  sites,  the  temperatures  of 
the  strips  with  spikes  also  increased  rapidly,  while  the  temperatures 
of  the  strips  without  spikes  decreased.  All  the  temperatures  of  the 
strips  are  higher  than  those  of  a  p+n  diffusion  spike  diode  at  the  cor¬ 
responding  time.  Also  the  temperatures  of  spikes  at  50  and  102  ym  are 
higher  than  those  of  the  corresponding  spikes  in  Fig.  154.  Fig.  160 
shows  that  the  junction  and  n-region  voltage  waveforms  have  the  same 
shape  as  those  in  Fig.  155b  for  the  p+n  diffusion  spike  diode.  The  de- 
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Fig.  158.  Temporal  development  of  temperature  profiles  of  an 
n+n  diffusion  spike  diode  for  a  7  mA  pulse  amplitude.  The  three 
filaments  are  on  the  strips  with  spikes. 
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Fig.  159.  The  temporal  development  of  temperature  at  various  portions 
of  an  n+n  diffusion  spike  diode.  Spikes  are  located  at  distances  of 
50,  102,  174  pm  from  one  edge  of  the  diode. 
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Fig.  160.  Junction  and  corresponding  n-region  voltage  waveforms  of 
strips  with  spikes  in  an  n+n  spike  diode.  Spikes  are  located  50, 
102,  and  174  ym  from  one  edge  of  the  diode. 
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vice  terminal  voltage  waveform  is  shown  in  Fig.  161.  Regions  A  and  D 
are  almost  the  same  as  those  of  the  p+n  diffusion  spike  diode.  Point  B 
is  408  V,  the  same  as  that  of  Fig.  156.  However,  Region  C  is  0.18  us 
shorter  than  that  of  the  p+n  diffusion  spike  diode.  This  means  that 
the  current  filaments  of  the  n+n  diffusion  spike  diode  are  formed  ear¬ 
lier  than  those  of  the  p+n  diffusion  spike  diode  shown  in  Fig.  157. 

The  fil amentation  process  is  virtually  identical  for  the  p+n  and 
n+n  spike  diodes.  At  first  sight  it  appears  the  two  should  be  identi¬ 
cal  because  the  n  region  lengths  of  the  strips  with  spikes  are  the  I 

same.  However,  there  is  a  difference  in  the  heat  transfer  equations 
that  accounts  for  the  slight  behavioral  difference.  The  comments  con¬ 
cerning,  energy  thresholds,  voltage  threshold,  and  delay  time  made  in 
the  previous  section  comparing  uniform  junction  and  p+n  spike  junction 
diodes  hold  for  uniform  junction  and  n+n  spike  diodes. 
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Fig.  161.  Voltage  waveform  for  a  7  mA  pulse  in  an  n+n  diffusion 
spike  diode. 


XII.  COMPARISON  OF  THEORY  AND  EXPERIMENT 


The  results  of  the  el ectrothermal  model  of  Chapter  XI  will  be  re¬ 
lated  to  the  experimental  results  of  Chapter  V  in  Sec.  A.  In  Sec.  B 
the  principal  features  of  the  electrothermal  model  will  be  summarized, 
while  Sec.  C  will  give  recommendations  for  additional  work  that  should 
be  done  to  properly  explore  the  range  of  second  breakdown  effects  that 
can  be  treated  by  the  model . 

A.  Comparison  of  Theory  and  Experiment 
Comparison  of  theory  with  experiment  can  be  made  with  diodes  of 
similar  geometry,  i.e.,  for  uniform  junctions  and  for  junctions  with 
p+n  or  n+n  spikes.  The  silicon  layer  thickness  of  the  starting  wafers 
was  0.6  urn,  while  that  of  the  completed  devices  was  0.4  urn.  The  the¬ 
oretical  calculations  were  started  before  the  devices  were  fabricated 
and  the  silicon  thickness  was  taken  to  be  0.6  um.  Thus  the  heat  trans¬ 
fer  to  the  substrate  should  be  slightly  more  efficient  in  the  thinner 
films  of  the  experiments  than  the  heat  transfer  calculated.  Other  con¬ 
siderations  aside,  one  anticipates  that  a  theoretical  diode  and  an  ex¬ 
perimental  diode  will  behave  similarly  if  the  current  density  of  the 
theoretical  diode  is  slightly  less  than  that  of  the  experimental. 

The  donor  density  for  the  n  region  used  in  the  calculations  was 
lO^2  atoms/m^,  which  corresponds  most  nearly  to  the  doping  density  of 
Wafer  2-4  (donor  density  estimated  to  be  (1.2  ±  0.2)  x  1q22  from  re- 
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sistance  measurements  and  (4  ±  2)  x  104<:  atoms/m  from  avalanche  vol¬ 
tage  breakdown  measurements.  Tables  3  and  20).  In  the  experimental  di¬ 
odes  there  is  a  transition  region  from  the  sapphire  surface  of  0.1  to 
0.2  urn  wherein  the  crystal  structure  of  the  silicon  is  relatively  im¬ 
perfect.  In  this  layer  the  carrier  mobilities  should  be  reduced,  the 
ionization  coefficients  decreased,  and  the  lifetimes  of  holes  and  elec¬ 
trons  reduced.  These  are  associated  with  the  scattering  of  carriers  at 
the  defect  sites.  A  similar  enhanced  scattering  occurs  in  a  more  high¬ 
ly  doped  system  due  to  the  impurity  atoms.  However,  in  the  more  highly 
doped  system,  there  is  also  an  increase  in  the  number  of  carriers.  The 
increased  scattering  due  to  crystalline  imperfections,  in  the  absence 
of  other  effects,  should  cause  the  experimental  diodes  to  behave  simi¬ 
lar  to  theoretical  diodes  of  slightly  lower  doping  level.  The  true 
doping  levels  of  the  experimental  diodes  are  not  known;  only  those  de¬ 
duced  from  resistivity  measurements  and  from  low  level  reverse  break¬ 
down  voltage  measurements  (Table  3)  are  available. 

The  quantities  that  can  be  compared  include  the  voltage  waveforms 
at  corresponding  current  densities,  temporal  growth  of  filaments,  fila¬ 
ment  configurations,  breakdown  thresholds  (energy  and  current  density), 
and  delay  times. 

Figure  43  shows  the  experimental  voltage  waveforms  for  uniform 
junction  diodes  and  diodes  with  p+n  diffusion  spikes  from  Wafers  2-4 
and  2-5.  Calculated  waveforms  are  found  in  Figs.  125  and  151  for  uni¬ 
form  junction  diodes,  in  Figs.  139  and  156  for  p+n  spike  diodes,  and  in 
Fig.  161  for  an  n+n  spike  diode.  The  diodes  of  Wafer  2-4  are  closest 
in  doping  density  to  those  of  the  calculations.  Data  from  the  above 
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figures  and  from  Tables  4  and  6  can  be  used  to  compare  calculated  and 
experimental  results.  This  is  done  in  Fig  162  and  Table  20.  Figure 
162  includes  two  waveforms  not  shown  previously,  waveforms  for  p+n  and 
n+n  spike  diodes  subjected  to  constant  current  pulses  at  the  threshold 
of  destructive  second  breakdown. 

Comparison  of  the  voltage  waveforms  (all  for  constant  current 
pulses)  reveals  a  gradual  rise  in  voltage  to  the  peak  value  in  the  the¬ 
oretical  curves  and  a  steep  rise  in  the  experimental  cases.  The  rise¬ 
time  of  the  experimental  curves  corresponds  to  the  circuit  time  cons¬ 
tant  and  is  not  related  to  the  diode  characteristics.  The  peaks  of  the 
theoretical  curves  occur  at  voltages  about  twice  those  of  the  corre¬ 
sponding  experimental  curves,  while  the  current  levels  of  the  calcu¬ 
lated  curves  are  smaller  than  those  of  the  experimental  waveforms  by  a 
factor  of  3.5.  An  examination  of  Figs.  122  and  140  shows  that  the  peak 
voltage  for  each  of  the  theoretical  waveforms  is  divided  approximately 
9:1,  n  region  to  junction.  Suppose  that  the  n  region  resistance  were 
decreased  by  a  factor  of  four  in  the  theoretical  diodes  by  increasing 
the  doping  level  to  4.0  x  1022  atoms/m^,  consistent  with  the  value  (4 
t  2  )  x  1022  atoms/ m^  obtained  from  the  avalanche  voltage  measurements. 
The  voltage  peak  is  associated  with  the  peak  of  the  resistivity- 
temperature  curve  of  the  n  region  of  the  diode.  Both  the  shape  of  the 
resi stivity-temperature  curve  and  the  temperature  of  the  peak  depend 
upon  the  doping  level,  with  the  peak  shifting  to  lower  resistivities 
and  higher  temperatures  at  higher  doping  densities.  Thus  a  detailed 
calculation  is  needed  to  make  an  exact  determination  of  the  peak  vol¬ 
tage  and  current  in  the  theoretical  diode  of  higher  doping  level  when 
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Fig.  162.  Comparison  of  experimental  (E)  and  calculated  (C)+waveforms 
(a)  Uniform  junction  (E) ,  (h)  uniform  junctio^  (C),  (c)  p  n  spike 
junction  (E) ,  (d)  p  n  spike  junction  (C) ,  (e)  n  n  spike  junction  (E) , 
(f)  n  n  spike  junction  (C) .  For  the  experimental  waveforms,  voltage 
is  the  upper  waveform  and  the  scales  are  100  V/div,  20  mA/div  for  (a), 
10  mA/div  for  (c)  and  (e) ,  and  2  ps/div. 


Table  20.  Comparison  of  theory  with  data  from  diodes  of  Wafer  2-4. 
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the  diode  is  at  the  threshold  of  destructive  second  breakdown  for  a  10 
us  pulse.  However,  a  rough  estimate  of  conditions  at  the  higher  doping 
level  can  be  made  if  it  is  assumed  that  the  power  input  at  the  theo¬ 
retical  voltage  peak  is  the  same  for  both  doping  levels.  Let  subscript 
1  be  used  to  describe  the  waveform  parameters  calculated  for  doping 
density  1.0  x  1C)22  atoms/m3  and  subscript  2  to  describe  the  estimated 
parameters  associated  with  the  doping  density  of  4.0  x  1022  atoms/m3. 
Then  the  assumption  is  that  Pi  =  ?2  the  peaks  of  the  respective 
voltage  waveforms.  The  n-region  resistivities  will  be  designated  Ri 
and  R2  and  it  is  assumed  that  Ri  *  4R2,  i.e.,  at  the  (different)  tem¬ 
peratures  of  the  peak  voltages  the  resistances  of  the  n  regions  are  in 
the  ratio  of  the  n-region  doping  levels.  An  examination  of  Fig.  25 
suggests  that  this  is  approximately  correct.  Then  the  peak  voltage  V2 
and  the  current  I2  can  be  predicted. 

Pi  -  P2 

vf/Rx  =  v|/R2  «  v|/(R!/4)  Thus  V2  =  1/2 V-j  and  I2  =  21-j 
Thus,  increasing  the  doping  level  by  a  factor  of  four  decreases  the 
theoretical  peak  voltage  by  a  factor  of  two  and  increases  the  current 
by  a  factor  of  two.  The  voltage  obtained  is  then  consistent  with  the 
experimental  value,  while  the  current  is  too  small  by  a  factor  of  0.6. 
Considering  the  approximate  nature  of  the  assumptions  for  the  extra¬ 
polation  to  the  higher  doping  density,  the  agreement  suggests  that  the 
experimental  diodes  have  doping  densities  about  four  times  those  of  the 
theoretical  diodes. 

The  dropoff  in  voltage  a  few  tenths  of  a  microsecond  before  the 
end  of  each  of  the  calculated  waveforms  accompanies  the  growth  of  a 


narrow  filament.  A  similar  drop  occurs  in  the  experimental  waveforms 
(see  Fig.  79d),  but  the  drop  is  even  more  rapid  than  that  calculated 
and  it  continues  through  the  melt  transition. 

The  theoretical  waveforms  also  contain  some  fine  structure  that  is 
not  present  experimentally.  Microscopic  inhomogen ieties  in  the  diodes 
could  wash  out  the  fine  structure,  so  the  experimental  and  theoretical 
results  are  not  inconsistent. 

Both  the  theory  and  the  experiments  show  that  filaments  are  pro¬ 
duced  when  the  current  amplitude  is  sufficiently  high.  At  current  am¬ 
plitudes  close  to  the  threshold  for  destructive  second  breakdown,  the 
theory  indicates  growth  of  a  single  filament  or  of  double  filaments 
across  the  n  region  in  uniform  junction  diodes.  A  single  filament  is 
always  along  the  symmetry  axis  of  the  diode,  while  double  filaments  are 
symmetrically  located  about  the  symmetry  axis.  In  the  experiments  ap¬ 
preciable  heating  of  the  n  region  allowed  one  to  anticipate  the  thresh¬ 
old  for  destructive  second  breakdown.  However,  filaments  were  observed 
in  only  a  few  cases  during  their  growth  stages  and  these  appeared  very 
close  to  the  end  of  the  excitation  pulse.  Only  a  single  filament,  ran¬ 
domly  located,  was  observed  in  each  diode.  In  the  calculations,  the 
narrow  filament(s)  grew  just  a  few  tenths  of  a  microsecond  before  the 
end  of  the  pulse  at  the  threshold  of  second  breakdown.  Thus  the  fea¬ 
tures  of  filament  growth  are  similar  in  theory  and  experiment.  Double 
filaments  symmetric  about  the  symmetry  axis  of  the  diode  have  been  ob¬ 
served  in  the  uniform  junction  diodes  of  Wafer  2-5. 

The  summary  of  damage  morphology  given  in  Fig.  57  for  Wafer  2-4 
shows  that  filament  locations  in  uniform  junction  diodes  are  randomly 
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located.  Both  the  theory  and  the  experiments  show  that  the  narrow  fil¬ 
aments  start  very  close  to  the  end  of  the  pulse  for  a  near-threshold 
pulse  and  that  these  narrow  filaments  evolve  very  rapidly.  The  cause 
of  the  double  filaments  in  the  theory  is  thought  to  be  associated  with 
the  detailed  evolution  of  the  temperature  configuration,  which  makes  it 
possible  for  a  junction  region  away  from  the  center  of  the  device  to 
become  more  conducting  than  the  center  of  the  device.  In  a  real  device 
there  are  geometric  irregul arlties  in  local  doping  level  and  thickness 
that  could  readily  determine  the  locations  of  the  single  filament  and 
preclude  the  formation  of  double  filaments. 

Theory  and  experiment  agree  in  their  results  on  diodes  containing 
spikes  on  the  p+n  or  n+n  junctions.  The  spike  locations  serve  as  re¬ 
gions  of  current  concentration  from  the  beginning  of  each  exciting 
pulse.  Spikes  on  the  p+n  junction  are  much  more  effective  in  localiz¬ 
ing  the  current  distribution  early  in  the  pulse  than  are  spikes  on  the 
n+n  junction.  However,  until  the  n  region  and  the  junction  have  become 
sufficiently  heated,  the  voltage  waveforms  of  spiked  diodes  are  similar 
to  those  of  uniform  junction  diodes  excited  with  the  same  current  den¬ 
sities.  Growth  of  the  narrow  filaments  start  earlier  in  spiked  diodes 
than  in  uniform  junction  diodes  excited  with  comparable  current  den¬ 
sities.  If  the  pulse  amplitude  is  chosen  so  that  the  threshold  for  de¬ 
structive  second  breakdown  occurs  at  the  end  of  pulses  of  the  same 
length  (same  delay  time),  the  amplitude  of  these  pulses  will  be  less 
for  spiked  diodes  than  for  uniform  junction  diodes.  Table  20  presents 
quantitative  comparisons  of  the  theoretical  and  experimental  current, 
current  density,  and  total  energy  input  at  the  threshold  for  destruc- 
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tive  second  breakdown  for  uniform  junction  and  spiked  diodes.  The  cur¬ 
rent  and  current  density  thresholds  of  spiked  diodes  are  78%  and 
(75  ±  17)%  of  those  for  uniform  junction  diodes  for  theoretical  and 
experimental  diodes,  respectively.  The  corresponding  percentages  for 
the  threshold  energies  are  70%  and  (51  ±  20%).  Both  theory  and  exper¬ 
iment  show  that  spikes  on  the  p+n  junction  and  spikes  on  the  n+n  junc¬ 
tion  modify  the  current  configuration  in  virtually  the  same  manner. 

The  delay  times  to  the  threshold  of  destructive  second  breakdown 
have  been  determined  experimentally  (Figs.  84-89)  and  theoretically 
(Figs.  126,  129,  141,  142).  In  each  case  the  input  energy  has  been 
found  to  vary  as  the  square  root  of  the  delay  time,  consistent  with  the 
Wunsch-Bell  model.  The  current  threshold  is  consistent  with  the  p“3/4 
dependence  predicted  by  Budenstein,  Pontius  and  Smith. 

In  the  diodes  of  Wafer  2-5,  filaments  are  observed  to  originate  at 
junction  sites  and  to  grow  into  the  n  region.  This  is  the  behavior  de¬ 
scribed  in  Sec.  C  of  Chapter  II.  In  the  few  cases  where  filaments 
could  be  observed  in  diodes  of  Wafer  2-4  during  their  growth,  these 
filaments  also  originated  at  the  junction  and  grew  into  the  n  region. 
Both  the  calculations  performed  by  Baruah  and  those  of  Liou  (using  a 
narrower  junction  width  than  Baruah)  indicated  that  the  junction  played 
an  important  role  on  the  initiation  of  growth  of  the  narrow  filament. 

In  addition,  Liou's  results  showed  a  stronger  temperature  gradient  dur¬ 
ing  the  prefil amentation  stage  between  junction  and  n  region,  with  the 
junction  being  the  hotter  region.  The  experimental  data  also  shows  the 
junction  region  to  be  hotter.  Thus  the  estimate  of  junction  width  used 
by  Liou  (3  ym)  is  probably  better  than  that  used  by  Baruah  (4  urn).  The 
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larger  width  is  encountered  in  the  calculation  of  the  JVT  characteris¬ 
tics  at  high  current  densities  and  high  temperatures.  This  is  just  the 
region  where  there  is  reason  to  doubt  the  validity  of  the  constitutive 
equations.  Thus  the  present  work  points  to  a  need  to  better  character¬ 
ize  the  high  temperature  behavior  of  the  system.  With  regard  to  the 
present  electrothermal  model,  this  suggests  the  basic  model  is  capable 
of  giving  still  better  results  if  the  proper  constitutive  equations 
could  be  used. 

In  making  comparisons  between  the  theory  and  the  experimental  re¬ 
sults,  no  use  was  made  of  the  data  on  voltage  thresholds.  The  reason 
for  this  is  that  the  theoretical  calculations  were  performed  with  a 
constant  current  constraint,  while  the  voltage  threshold  data  were  ob¬ 
tained  with  a  constant  impedance  generator.  Figures  43  and  79  show 
waveforms  for  the  constant  Impedance  generator  circuit  and  the  constant 
current  circuit,  respectively.  These  voltage  waveforms  are  sufficient¬ 
ly  different  that  it  was  felt  that  the  calculated  results  could  only  be 
compared  with  the  experimental  ones  with  the  constant  current  pulses. 

8.  Principal  Features  of  the  Electrothermal  Model 
1.  An  electrothermal  model  has  been  developed  and  explored  which 
describes  current  filamentation  in  a  planar  thin  film  device. 
The  computer  code  that  accomplishes  this  requires  only  modest 
CPU  times  (several  minutes  per  microsecond  of  test  pulse)  and 
modest  core  storage  (256K).  Heat  transfer  is  included  in  a 
more  rigorous  manner  than  in  most  approximate  models. 
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2.  The  model  yields  detailed  current  profiles,  temperature  dis¬ 
tributions,  voltage  waveform  and  other  detailed  features  of 
the  fil amentation  process.  Calculations  have  been  carried  for 
narrow  filament  temperatures  above  1200  K. 

3.  The  model  can  be  applied,  with  minor  programming  changes,  to 
describe  device  behavior  under  different  circuital  contraints. 

4.  The  model  can  be  applied,  with  minor  changes,  to  forward  bias 
conditions. 

5.  The  roles  of  a  range  of  device  inhomogenieties  can  be  ex¬ 
plored.  These  Inhomogenieties  may  be  in  the  junction  contours, 
in  local  thickness  of  the  silicon  film,  or  in  a  combination  of 
these. 

6.  The  model  has  detailed  the  conditions  leading  up  to  filamenta- 
tlon,  filament  nucleatlon,  evolution  of  the  narrow  filament, 
and  the  final  rapid  growth  of  the  narrow  filament  toward  the 
melt  trans1tion--the  damage  mode  of  second  breakdown. 

7.  The  model  has  been  shown  to  be  effective  in  exploring  the 
roles  of  defects  in  the  form  of  spikes  on  the  p+n  or  the  n+n 
junctions  on  filament  geomet  v,  ime  scale  of  the  filamenta- 
tion  effects,  locations  of  filaments,  delay  times,  energy 
threshold  for  destructive  second  breakdown,  current  density 
thresholds  for  destructive  second  breakdown,  and  detailed  fea¬ 
tures  of  the  conduction  process.  The  latter  Include  the  time 
histories  of  the  junction  voltage,  junction  temperature,  n- 
region  temperature,  and  of  other  quantities. 
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8.  The  principal  limitation  of  the  model  is  associated  with  the 
restriction  that  the  current  lines  must  remain  parallel.  Thus 
situations  involving  convergence  of  current  lines  cannot  be 
treated  properly. 

C.  Recommendations  for  Additional  Work 

The  electrothermal  model  should  be  applied  to  a  wider  range  of 

conditions.  A  minimal  set  of  such  conditions  would  be  the  geometries 

of  the  present  experiments  with  doping  levels  corresponding  to  those 

of  Wafers  2-1  and  2-5.  The  JVT  characteristics  would  have  to  be 

generated  over  the  desired  temperature  and  current  density  ranges  for 

23  3 

each  of  the  doping  levels  of  1.0  x  10  atoms/m  .  Judging  from  the 
experience  obtained  in  the  present  calculations,  difficulties  will  be 
encountered  in  these  calculations  because  of  the  uncertainties  of  the 
constitutive  equations.  However,  the  existing  base  of  data  upon  which 
results  can  be  referred  provides  a  useful  guide  on  meaningful  choices 
of  the  constitutive  equations. 

After  the  above  calculations  have  been  performed,  the  model  should 
be  applied  to  a  nurrtoer  of  different  conditions.  These  include  forward 
bias  computations  for  the  situations  done  in  reverse  bias.  Experimen¬ 
tal  data  are  available  for  comparison.  Then  a  number  of  different  geo¬ 
metric  variations  should  be  explored.  These  could  include  systematic 
variation  of  the  n  region  length  of  a  single  diode  to  simulate  a  curved 
junction,  variation  of  the  doping  density  of  the  n  region  at  local 
sites  adjacent  to  the  p+  region,  variation  of  the  n  region  length  with 
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and  without  spikes  on  the  junctions  (including  n-region  lengths  small 
enough  so  that  punchthrough  occurs),  and  variation  of  the  spike  height. 

With  the  information  provided  by  the  above,  perspectives  should  be 
obtained  that  will  be  useful  to  semiconductor  device  designers  con¬ 
cerned  with  electrical  overstress  effects  in  a  wide  range  of  device 
types. 


XIII.  IMPLICATIONS 


A.  Screening  Tests 
1.  Maverick  Devices 

One  goal  of  the  present  study  is  to  determine  whether  any  of  the 
geometric  parameters  explored  could  give  rise  to  failure  thresholds  an 
order  of  magnitude  lower  than  might  be  anticipated.  Devices  with  an 
unexpectedly  low  threshold  are  generally  referred  to  as  "mavericks." 
Only  one  situation  was  found  which  led  to  maverick  behavior.  If  the 
n-region  length  is  decreased  to  the  point  where  device  fabrication 
fluctuations  cause  punchthrough  to  occur  under  the  high  electrical 
stress  encountered  in  reverse-bias  second  breakdown,  the  failure  corre¬ 
spondingly  shortened.  Diffusion  spikes  on  either  the  p+n  or  the  n+n 
junction  on  a  junction  contour  which  would  normally  be  free  of  punch- 
through  could  then  produce  mavericks.  The  significant  feature  of  the 
spikes,  however,  is  not  their  sharpness,  but  rather  the  n-region  length 
at  the  spike  location.  Thus  smooth  contours  of  the  p+n  and  n+n  junc¬ 
tions  with  n-region  length  suitable  for  punchthrough  will  yield  mave¬ 
ricks.  If  these  contours  also  contain  spikes,  the  thresholds  will  be 
still  lower.  As  the  dimensions  of  devices  become  ever  smaller,  slight 
errors  in  positioning  of  the  fabrication  masks  can  lead  to  the  condi¬ 
tions  that  cause  mavericks. 
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2.  Screening  Methodology 

A  second  goal  is  to  suggest  a  screening  technique  which  will  iden¬ 
tify  diodes  that  can  meet  some  preset  standard  for  the  threshold  of  de¬ 
structive  second  breakdown.  The  technique  should  not  damage  devices 
that  pass  the  screening  test.  The  present  study  provides  some  perspec¬ 
tives.  Two  damage  modes  have  been  distinguished.  About  98%  of  the  de¬ 
vices  have  been  damaged  through  second  breakdown,  i.e.,  through  the 
formation  of  a  melt  filament  that  bridges  the  n  region  of  the  diode. 
More  important  for  the  purposes  of  screening  tests  is  the  degradation 
of  the  reverse  saturation  current  level  and  the  more  gradual  transition 
to  low  level  avalanche  conduction  subsequent  to  damage.  Thus  a  screen¬ 
ing  test  should  involve  taking  an  initial  low  level  I-V  curve,  then  a 
single  high  level  stress  at  the  predetermined  level  (measuring  both 
voltage  and  current  waveforms  so  that  an  energy  threshold  criterion  can 
be  employed),  and  finally  a  diagnostic  low  level  I-V  curve  to  ascertain 
whether  the  reverse  current  level  has  Increased  appreciably.  A  cons¬ 
tant  impedance  generator  provides  a  greater  amount  of  damage  if  damage 
does  occur  during  the  test  pulse,  so  the  decision  on  the  presence  of 
damage  is  unambiguous.  The  damage  of  a  solidified  melt  filament  formed 
close  to  its  threshold  is  electrically  equivalent  to  placing  a  resis¬ 
tive  short  circuit  of  several  thousand  ohms  across  the  p+n  junction. 

In  about  2%  of  the  diodes  tested,  damage  to  the  electrodes  was  observed 
microscopically  before  the  threshold  of  second  breakdown.  The  devices 
were  not  normally  affected  in  their  terminal  characteristics  by  the 
limited  metallization  damage.  Metallization  damage  only  occurred  in 


diodes  with  the  longest  n-region  lengths  (100  urn, or  longer)  and  the 
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level  of  the  excitation  pulses  when  damage  occurred  was  comparable  to 
that  of  the  second  breakdown  threshold. 

A  decision  must  be  made  concerning  the  amplitude  of  the  test 
pulse,  its  duration,  and  on  the  circuital  environment  during  the  test. 
In  chapter  V  the  application  of  a  single  10  ps  pulse  from  a  constant 
impedance  generator  having  an  energy  amplitude  chosen  to  be  two  stan¬ 
dard  deviations  below  the  mean  failure  threshold  of  standard  reference 
diodes  would  usually  produce  second  breakdown  to  about  2%  of  the  stan¬ 
dard  reference  diodes  and  to  virtually  all  of  the  diodes  with  p+n  or 
n+n  spikes.  The  high  resistivity  diodes  displayed  so  much  scatter  in 
their  energy  threshold  data  that  a  criterion  different  from  the  above 
might  have  to  be  employed. 

To  use  the  above  approach  it  is  necessary  to  determine  the  mean 
failure  threshold  and  standard  deviation  for  each  type  of  device.  The 
pulse  characteristics  for  the  test  should  be  chosen,  if  possible,  to  be 
similar  in  duration  to  those  expected  when  the  device  is  in  its  use  en¬ 
vironment. 

B.  Design  of  Devices  for  Greater  Resistance  to  Second  Breakdown 

The  results  in  Chapter  V  indicate  that  almost  any  deviation  from  a 
uniform  p+n  or  n+n  junction  results  in  a  nonuniform  current  distribu¬ 
tion  during  high  amplitude  pulse  testing,  and  that  failure  thresholds 
may  be  lowered  as  a  result  of  the  nonuniformities.  Maverick  devices 
can  occur  If  the  n-region  length  is  so  small  that  junction  irregulari¬ 
ties  produce  punchthrough. 


It  may  be  easier  in  some  cases  to  achieve  a  given  resistance  to 
second  breakdown  by  adjusting  doping  level  than  by  altering  device  ge¬ 
ometry.  If  a  device  is  required  to  sustain  a  high  reverse  voltage, 
then  a  low  n-region  doping  level  is  needed.  On  the  other  hand,  if  the 
device  must  maintain  a  high  current  density  (either  in  forward  or  re¬ 
verse  avalanche  conduction),  then  a  high  n-region  doping  level  is 
needed.  In  the  intermediate  situations,  there  will  be  a  tradeoff  be¬ 
tween  voltage  and  current  sustaining  capabilities,  and  device  geometry. 
For  a  specified  geometry  and  a  fixed  length  for  the  exciting  pulses,  as 
the  n-region  doping  level  is  increased  (resistivity  decreased),  the  en¬ 
ergy  threshold  for  second  breakdown  increases,  the  current  density 
threshold  increases,  and  the  voltage  threshold  decreases.  The  data  in 
Chapter  V  indicate  the  relative  importance  of  these  quantities. 
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Appendix  A.  Junction  JVT  Characteristics  Obtained  by  Baruah 


All  of  the  following  solutions  assume  reverse  bias  conditions.  No 
solutions  could  be  obtained  when  (1)  doping  density  was  below  1022 
atoms/m-*,  (2)  temperature  was  above  750  K,  or  (3)  the  current  density 
was  above  108  A/m2.  The  reverse  saturation  current  is  due  to  thermally 
generated  minority  carriers  from  either  side  of  the  junction,  i.e., 

^sat  3  Jpo  +  ^nw 

Until  the  temperature  is  hundreds  of  degrees  above  room  tempera¬ 
ture,  Jp0  is  large  compared  to  Jnw  because  the  p+  region  is  far  more 
strongly  doped  than  the  n  region.  If  the  total  current  density  J  is 
small  and  the  temperature  is  allowed  to  increase,  there  is  a  tempera¬ 
ture  at  which 

J  =  Jp0  +  Jnw  ±  Jp0 

The  junction  voltage  drops  as  this  temperature  is  approached.  If 
the  temperature  increases  enough,  the  Fermi  levels  of  the  n  and  p+  re¬ 
gions  approach  the  same  positions  relative  to  their  conduction  and  va¬ 
lence  band  edges  and  the  material  behaves  in  a  purely  resistive  manner. 
If  the  temperature  is  low  and  the  current  density  J  is  high,  then  con¬ 
duction  through  the  junction  depends  upon  carriers  generated  by  the 
avalanching  (or  tunneling)  processes.  Avalanche  generation  Is  the  more 
Important  mechanism  in  junctions  having  a  depletion  width  in  excess  of 
100  %,  as  is  the  case  in  the  systems  considered  here.  At  high  current 


452 


453 


densities,  the  avalanche  generated  carriers  appreciably  modify  the 
space  charge  distribution  in  the  junction  and  the  junction  voltage  is 
found  to  fall  as  J  increases.  At  low  doping  densities,  solutions  are 
possible  for  lower  current  densities  as  the  avalanche  generated  carri¬ 
ers  cannot  modify  the  space  charge  distribution  in  the  junction  region 
to  any  great  extent. 

Computed  J-V-T  junction  characteristics  obtained  using  the  func¬ 
tions  listed  in  Table  21  are  given  in  Table  22.  The  aim  here  was  to 
select  a  particular  combination  of  ionization  coefficients  and  carrier 
velocities  fr  m  the  various  existing  functional  forms  such  that  a  phys¬ 
ically  meaningful  set  of  J-V-T  curves  for  the  junction  could  be  ob¬ 
tained.  The  somewhat  arbitrary  criterion  used  for  this  choice  was 
based  upon  the  stability  of  the  solutions.  With  this  criterion.  Run 
No.  1  was  selected,  and  accordingly,  all  subsequent  discussions  are 
based  on  the  J-V-T  curves  obtained  using  the  functions  employed  in  this 
run. 

J-V-T  characteristics  were  calculated  for  the  following  ranges  of 
the  indicated  parameters. 

N  region  doping  density  10^2  atoms/m^ 

Applied  current  density  10®-10®  A/m^  in  steps  of  10  A/m^ 

Junction  temperature  300-800  K  in  steps  of  100  K 

Each  solution  yielded  the  electric  field  configuration,  charge 


» 


density  configuration,  hole  and  electron  current  distribution,  and 
electric  potential  configuration  as  well  as  a  point  on  the  J-V-T  plot. 
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TABLE  21 

SUMMARY  OF  SIMULATION  RUNS  WITH  VARIOUS  FUNCTIONAL  FORMS 
OF  CARRIER  VELOCITY  AND  IONIZATION  COEFFICIENTS 


Run  Velocity,  Ionization  Coefficient, 

Number  Reference  Reference 


1-  vnl 

VP1 

2*  vnl 

VP1 

3*  vnl 

VP1 

4-  vnl 

VP1 

5.  vn2 
VP2 

6.  vn2 

vp2 

where  (in  MKS  units) 


f(T) 

f(T) 

f(T) 

f(T) 

f(T) 

f(T) 

f(T) 

f(T) 


(92) 


(92) 


(92) 


(92) 


vno 

vpo 

vno 

Vpo 


(87) 


(87) 


®nl  =  f(E,T) 

(91) 

«pl  »  f(E,T) 


®n2  3  ^(E,T) 

(38) 

®p2  3  nE.T) 


*n3  3  W ) 
®p3  3  f(E,T) 


(86) 


®n4  3  f(E,T) 
®n4  3  f(E,T) 


(79) 


®nl  3  f(E.T) 

(91) 

«pl  3  f(E,T) 


®n4  3  f(E,T) 

(79) 

ap4  3  f(E,T) 


vnl  3  vno  (300)1/2;  Vno  =  1.05  x  105 
vpl  3  Vpo  (300)1/2;  Vpo  »  0.75  x  105 


vn2  3  vno»  vp2  3  vpo 
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TABLE  21— Continued 


anl  =  7.03  x  107.  1  -  2  x  10-3 (T  .  300)  exp  (-1.23x1 08) 

apl  =  1.58  x  108  1  -  2  x  10-3(T  -  300)  exp  (-2. 03x1 O8) 

an2  =  J_  exP  (H.5  f*2  -  1.17  r  +  3.9  x  10'4)  x2  + 

"  (46  r2  -  11.9  r  +  1.75  x  10“2 )  xn 

ap2  «  ,J_  exp  (11.5  r2  -  1.17  r  +  3.9  x  10-4)  x2  + 

P  (46  r2  -  11.9  r  +  1.75  x  10'2)  xp 

n  =  7.6  x  10-9  tanh  Er 

“21TT 

D  *  4.7  x  10"9  tanh  Er 
H  2k  T 


r  *  <Er> 

“eT 


xp  *  E* 
qE  p 

<Er>  =  Er  tanh  Er 

WT 

Ei  =  3/2  Eg 

Eg  *  bandgap  in  Silicon  (1.77  x  10"19  Joules) 

Er  *  energy  of  Raman  optical  phonon  (.1  x  10-19  Joules) 
<*n3  3  3.8  x  10®  exp  (-1 . 75x108 ^ 

op3  *  2.25  x  109  exp  r-3.26xlQ8\ 

otn4  *  2.25  x  109  1  -  lxlO^fT  -  300)  exp  (-3.26xlQ8) 

ap4  -  3.80  x  108  1  -  lxlO"4 (T  -  300)  exp  (-1.75xl08) 
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TABLE  22 

RESULTS  OF  SIMULATION  RUNS  WITH  VARIOUS  FUNCTIONAL  FORMS 
OF  CARRIER  VELOCITIES  AND  IONIZATION  COEFFICIENTS 


Appl  ied 
Current 
Density 
(107  A/m2) 

Bulk 

Temperature 

(K) 

Junction 

Width 

(urn) 

Maximum 

El ectric 
Field 
(107  M/m) 

Junction 
Vol tage 
(volts) 

Run  No.  I  (for  parameters  see 

Table  21) 

0.1 

300.0 

2.57 

3.86 

49.6 

0.1 

400.0 

2.68 

4.03 

53.8 

0.1 

500.0 

2.83 

4.25 

60.0 

0.1 

600.0 

3.04 

4.57 

69.3 

0.1 

700.0 

3.28 

4.95 

81.2 

0.1 

750.0 

3.30 

5.01 

82.7 

0.5 

300.0 

2.61 

3.87 

50.1 

0.5 

400.0 

2.73 

4.04 

54.6 

0.5 

500.0 

2.89 

4.27 

61.0 

0.5 

600.0 

3.09 

4.58 

69.9 

0.5 

700.0 

3.27 

4.96 

80.7 

0.5 

750.0 

3.24 

5.05 

81.7 

1.0 

300.0 

2.66 

3.88 

50.8 

1.0 

400.0 

2.79 

4.04 

55.4 

1.0 

500.0 

2.96 

4.27 

61.9 

1.0 

600.0 

3.16 

4.59 

70.9 

1.0 

700.0 

3.27 

5.00 

80.6 

1.0 

750.0 

3.17 

5.10 

80.5 

5.0 

300.0 

3.19 

3.92 

57.0 

5.0 

400.0 

3.47 

4.09 

63.5 

5.0 

500.0 

3.81 

4.35 

72.5 

5.0 

600.0 

3.94 

4.69 

81.1 

5.0 

700  .0 

3.32 

5.22 

81.1 

5.0 

750.0 

2.80 

5.50 

75.3 

10.0 

300.0 

4.57 

3.99 

72.1 

10.0 

400.0 

5.66 

4.18 

87.2 

10.0 

500.0 

7.24 

4.42 

108.9 

10.0 

600.0 

6.79 

4.80 

113.6 

10.0 

700.0 

3.63 

5.48 

85.8 

10.0 

750.0 

2.67 

5.99 

75.8 

Run  No.  2  (for  parameters  see 

Table  21) 

0.1 

300.0 

2.32 

3.49 

40.4 

0.1 

400.0 

2.42 

3.64 

43.9 

0.1 

500.0 

2.51 

3.77 

47.2 

0.1 

600.0 

2.59 

3.89 

50.3 

0.1 

700.0 

2.60 

3.93 

51.0 

0.1 

750.0 

2.50 

3.79 

47.5 
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0.5 

300.0 

2.36 

3.49 

40.9 

0.5 

400.0 

2.46 

3.63 

44.3 

0.5 

500.0 

2.57 

3.78 

48.2 

0.5 

600.0 

2.64 

3.89 

50.9 

0.5 

700.0 

2.60 

3.94 

50.9 

0.5 

750.0 

2.44 

3.80 

46.3 

1.0 

300.0 

2.41 

3.50 

41.6 

1.0 

400.0 

2.53 

3.65 

45.4 

1.0 

500.0 

2.64 

3.79 

49.0 

1.0 

600.0 

2.71 

3.91 

51.9 

1.0 

700.0 

2.60 

3.96 

50.9 

1.0 

750.0 

2.38 

3.82 

45.4 

5.0 

300.0 

2.94 

3.55 

47.9 

5.0 

400.0 

3.23 

3.70 

54.2 

5.0 

500.0 

3.53 

3.86 

60.9 

5.0 

600.0 

3.52 

3.99 

63.1 

5.0 

700.0 

2.65 

4.05 

50.9 

5.0 

750.0 

2.05 

3.99 

40.3 

10.0 

300.0 

4.37 

3.61 

64.2 

10.0 

400.0 

5.61 

3.77 

81.9 

10.0 

500.0 

7.42 

3.92 

107.2 

10.0 

600.0 

6.72 

4.08 

103.7 

10.0 

700.0 

2.96 

4.19 

55.4 

10.0 

750.0 

1.90 

4.17 

38.2 

Run  No. 

3  (for  parameters  see  Table  21) 

0.1 

300.0 

2.61 

3.93 

51.2 

0.1 

400.0 

2.62 

3.94 

51.5 

0.1 

500.0 

2.62 

3.94 

51.5 

0.1 

600.0 

2.60 

3.91 

50.7 

0.1 

700  .0 

2.51 

3.79 

47.5 

0.1 

750.0 

2.34 

3.56 

41.6 

0.5 

300.0 

2.66 

3.94 

52.0 

0.5 

400.0 

2.67 

3.95 

52.2 

0.5 

500.0 

2.67 

3.94 

52.0 

0.5 

600.0 

2.65 

3.92 

51.4 

0.5 

700.0 

2.50 

3.79 

47.1 

0.5 

750.0 

2.29 

3.57 

40.8 

1.0 

300.0 

2.71 

3.94 

52.6 

1.0 

400.0 

2.73 

3.95 

52.9 

1.0 

500.0 

2.74 

3.94 

52.9 

1.0 

600.0 

2.71 

3.92 

52.1 

1.0 

700.0 

2.50 

3.81 

47.1 

1.0 

750.0 

2.23 

3.59 

39.8 

5.0 

300.0 

3.30 

4.00 

60.5 

5.0 

400.0 

3.46 

4.01 

62.4 

5.0 

500.0 

3.61 

4.01 

64.2 

5.0 

600.0 

3.46 

4.00 

61.6 

5.0 

700.0 

2.54 

3.94 

47.2 

5.0 

750.0 

1.93 

3.77 

35.8 
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10.0 

300.0 

4.84 

4.05 

79.1 

10.0 

400.0 

5.86 

4.08 

90.7 

10.0 

500.0 

7.27 

4.09 

105.7 

10.0 

600.0 

6.32 

4.09 

94.4 

10.0 

700.0 

2.80 

4.06 

50.3 

10.0 

750.0 

1.79 

3.97 

34.1 

Run  No. 

4  (for  parameters 

see  Table 

21) 

0.1 

300.0 

2.61 

3.87 

50.1 

0.1 

400.0 

2.72 

4.04 

54.5 

0.1 

500.0 

2.87 

4.26 

60.6 

0.1 

600.0 

3.07 

4.57 

69.7 

0.1 

700.0 

3.27 

4.96 

80.7 

0.1 

750.0 

3.27 

5.04 

82.3 

0.5 

300.0 

2.57 

3.87 

49.6 

0.5 

400.0 

2.68 

4.03 

53.9 

0.5 

500.0 

2.83 

4.26 

60.1 

0.5 

600.0 

3.03 

4.56 

69.0 

0.5 

700.0 

3.28 

4.96 

81.2 

0.5 

750.0 

3.31 

5.01 

83.0 

1.0 

300.0 

2.66 

3.88 

50.8 

1.0 

400.0 

2.77 

4.04 

55.0 

1.0 

500.0 

2.92 

4.26 

61.2 

1.0 

600.0 

3.12 

4.59 

70.5 

1.0 

700.0 

3.27 

4.98 

80.7 

1.0 

750.0 

3.22 

5.07 

81.4 

5.0 

300.0 

3.19 

3.93 

57.0 

5.0 

400.0 

3.32 

4.09 

61.7 

5.0 

500.0 

3.50 

4.33 

68.8 

5.0 

600.0 

3.59 

4.66 

76.8 

5.0 

700.0 

3.30 

5.14 

81.3 

5.0 

750.0 

2.98 

5.37 

78.9 

10.0 

300.0 

4.57 

3.99 

72.1 

10.0 

400.0 

4.74 

4.14 

77.7 

10.0 

500.0 

4.97 

4.39 

86.0 

10.0 

600.0 

4.67 

4.74 

90.4 

10.0 

700.0 

3.48 

5.32 

84.4 

10.0 

750.0 

2.91 

5.77 

81.0 

Run  No. 

5  (for  parameters 

see  Table 

21) 

0.1 

300.0 

2.57 

3.87 

49.6 

0.1 

400.0 

2.57 

3.87 

49.6 

0.1 

500.0 

2.58 

3.88 

49.9 

0.1 

600.0 

2.56 

3.85 

49.2 

0.1 

700.0 

2.44 

3.69 

44.9 

0.1 

750.0 

2.22 

3.37 

37.3 

0.5 

300.0 

2.61 

3.87 

50.1 

0.5 

400.0 

2.61 

3.87 

50.1 

0.5 

500.0 

2.62 

3.89 

50.5 

0.5 

600.0 

2.59 

3.86 

49.6 

0.5 

700.0 

2.44 

3.67 

44.9 

0.5 

750.0 

2.19 

3.38 

36.3 

6?  CD 
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1.0 

300.0 

2.65 

3.88 

50.8 

1.0 

400.0 

2.66 

3.88 

50.8 

1.0 

500.0 

2.67 

3.89 

51.1 

1.0 

600.0 

2.63 

3.87 

50.1 

1.0 

700.0 

2.43 

3.67 

44.6 

1.0 

750.0 

2.16 

3.40 

36.6 

5.0 

300.0 

3.19 

3.92 

57.0 

5.0 

400.0 

3.20 

3.95 

57.4 

5.0 

500.0 

3.20 

3.95 

57.5 

5.0 

600.0 

3.04 

3.93 

55.0 

5.0 

700.0 

2.45 

3.81 

44.8 

5.0 

750.0 

1.97 

3.55 

34.6 

10.0 

300.0 

4.57 

3.99 

72.1 

10.0 

400.0 

4.58 

3.99 

72.4 

10.0 

500.0 

4.57 

4.00 

72.5 

10.0 

600.0 

3.99 

3.99 

65.7 

10.0 

700.0 

2.58 

3.91 

46.4 

10.0 

750.0 

1.89 

3.74 

34.4 

Run  No. 

6  (for  parameters 

see  Table  21) 

0.1 

300.0 

2.81 

4.22 

59.3 

0.1 

400.0 

2.81 

4.22 

59.3 

0.1 

500.0 

2.81 

4.22 

59.3 

0.1 

600.0 

2.69 

4.04 

54.4 

0.1 

700.0 

2.33 

3.52 

40.9 

0.1 

750.0 

2.00 

3.03 

30.3 

0.5 

300.0 

2.86 

4.21 

60.0 

0.5 

400.0 

2.87 

4.22 

60.4 

0.5 

500.0 

2.87 

4.22 

60.4 

0.5 

600.0 

2.73 

4.04 

54.9 

0.5 

700.0 

2.33 

3.52 

40.9 

0.5 

750.0 

1.98 

3.05 

30.2 

1.0 

300.0 

2.94 

4.22 

61.6 

1.0 

400.0 

2.94 

4.21 

61.6 

1.0 

500.0 

2.94 

4.22 

61.6 

1.0 

600.0 

2.78 

4.03 

55.7 

1.0 

700.0 

2.33 

3.53 

40.9 

1.0 

750.0 

1.95 

3.06 

29.7 

5.0 

300.0 

3.72 

4.17 

74.9 

5.0 

400.0 

3.72 

4.17 

74.9 

5.0 

500.0 

3.72 

4.18 

75.1 

5.0 

600.0 

3.35 

4.03 

65.0 

5.0 

700.0 

2.39 

3.62 

42.3 

5.0 

750.0 

1.79 

3.20 

28.6 

10.0 

300.0 

5.84 

4.11 

109.2 

10.0 

400.0 

5.85 

4.12 

109.6 

10.0 

500.0 

5.82 

4.12 

108.9 

10.0 

600.0 

4.70 

4.01 

86.0 

10.0 

700.0 

2.59 

3.71 

45.8 

10.0 

750.0 

1.74 

3.38 

29.1 

Increased  doping  of  the  n  region  decreases  the  depletion  layer 
width  sharply,  as  shown  in  Table  23  and  Fig.  163.  The  spatial  distri¬ 
bution  of  the  electric  field  at  a  high  current  density  (10®  A/m2)  and 
low  temperature  (300  K)  is  found  to  be  highly  non-linear,  as  is  evident 
from  Fig.  164.  All  impurities  are  assumed  to  be  ionized  at  room  tem¬ 
perature.  An  increase  In  doping  density  of  the  n  region  will  increase 
the  positive  space  charge  concentration  In  the  depletion  region,  there¬ 
by  constricting  the  depletion  layer.  For  the  same  current  density  and 
temperature,  the  maximum  electric  field  (3.98  x  107  at  1022,  6.32  x  107 
at  1028  and  9.91  x  107  V/m  at  5  x  1028  atoms/m8)  changes  only  slightly 
for  large  changes  In  doping  density  because  a  small  change  In  field 
causes  a  large  change  in  ionization. 


TABLE  23 

ROLE  OF  DOPING  DENSITY  OF  THE  N  REGION  ON  JUNCTION  CHARACTERISTICS 
(T  *  300  K,  J  *  1  x  108  A/m2) 


Doping 

Density 

(1022  atoms/m?) 

Junction 

Width 

(urn) 

Maximum 
Electric  Field 
(107  V/m) 

Junction 

Voltage 

(volts) 

1. 

4.50 

3.98 

72.15 

10. 

0.432 

6.32 

13.40 

50. 

0.132 

9.91 

6.52 

Role  of  Applied  Current  Density 

In  Fig.  164,  field  contours  are  shown  at  various  strengths  of  the 
applied  current  density  for  Ng  ■  1022  atom$/m3  and  T  »  300  K.  At  high- 

< 

i 
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er  current  densities,  the  number  of  avalanche  generated  carriers  must 
Increase  correspondingly.  Then  In  order  to  sustain  the  constant  cur¬ 
rent,  the  depletion  region  must  widen  (Fig.  165)  to  "expose'*  the  re¬ 
quired  number  of  space  charges.  The  electric  field  profile  spreads  out 
further  and  the  area  under  the  field  curve,  which  is  the  junction  vol¬ 
tage,  also  becomes  larger.  The  J-V  curve  of  Fig.  166  shows  this  trend 
at  temperatures  that  are  low  to  moderate.  At  high  temperatures,  how¬ 
ever,  other  factors  play  an  important  part  and  cause  deviation  from 
this  pattern  of  behavior.  This  will  be  discussed  in  the  next  section. 
Fig.  167  shows  the  spatial  distribution  of  fixed  space  charges  as  cur¬ 
rent  density  increases.  The  maximum  electric  fields  do  not  change  much 
(3.86  x  107  at  10^,  3.88  x  10?  at  107  and  3.98  x  107  V/m  at  108  A/m?) 
with  Increased  current  densities.  This  is  due  to  the  highly  non-linear 
relationship  between  field  and  the  Ionization  coefficients  according  to 
which  even  minor  changes  In  the  electric  field  are  capable  of  affecting 
major  changes  in  ionization. 

Role  of  Temperature 

Experimental  evidence  strongly  suggests  that  the  high  conductances 
of  both  junction  and  bulk  regions  are  associated  with  temperature  In¬ 
creases.  The  principal  temperature  dependent  quantities  are  the  ion¬ 
ization  coefficients  In  the  junction  region  and  the  reverse  saturation 
current  density  Jp0  In  the  n  region  outside  the  junction.  Junction 
voltage  tends  to  rise  with  temperature  due  to  the  former  and  fall  with 
temperature  due  to  the  latter.  At  low  temperatures,  the  decrease  In 
Ionization  rate  dominates,  while  at  high  temperatures  the  thermal  de- 


SPACE  CHARGE  DENSITY.  CCUJL/K 


466 


i  r,“ 

t 

i 


Fig.  167.  Alteration  of  space  charge  density  and  of  junction  width 

due  to  an  increase  in  J  ....  Note  the  elongated  junction  width 
q  2  applied  2  * 

at  10  A/m  .  T  =  300  K,  ND  •  1  x  10  *  atoms/mJ. 


pendence  of  reverse  saturation  current  density  takes  control.  Figure 
168  shows  the  temperature  dependence  of  Jp0.  At  low  applied  current, 
this  minority  carrier  current  is  a  diffusion  current.  But  as  the 
second  breakdown  stage  is  approached,  presence  of  higher  fields  in  the 
bulk  region  tends  to  make  Jpo  field  controlled.  Figure  169  shows  the 
effect  of  temperature  on  the  spatial  gradient  of  space  charge  density. 
The  combined  temperature  effects  of  Ionization  coefficients  and  reverse 
saturation  current  can  be  seen  in  the  voltage- temperature  plot  of  Fig. 
170.  This  contrasting  relationship  also  explains  the  spatial  field 
distribution  in  Fig.  171  and  the  change  in  junction  width  in  Fig.  172. 


REV.  SRT .  CURRENT  DENSITY  fl/M 
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Fig.  168.  Graph  showing  the  influence  of  temperature  on  thermally 
generated  current  carriers  and  thereby  on  the  reverse  saturation 

22  3 

current  density  J  .  N  *  1  x  10  atoms/m  . 
po  D 
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DISTANCE  E  ROM  C  T  I  CTi . .  )JK 

Fig.  169.  Effect  of  temperature  on  the  spatial  gradient  of  the  space 

charge  densitv.  J  ,,,“1x10  A/m  and  N  a  1  x  10“"  atoms/m  . 
'  applied  D 
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fig-  170.  Junction  voltage  -  temperature  characteristics  at  various 

22  3 

applied  pulse  amplitudes.  ND  1  1  x  10  atoms/m  . 


DISTANCE  FROM  JUNE'IOM.  |JM 


Fig.  171.  Electric  field  profiles  as  a  function  of  distance  from  p  - 

22  3 

junction  at  various  temperatures.  N  =  1  x  10  atoms/m  and  applied 

8  D  9 

current  density  J  *  1  x  10  A/mw. 

applied 
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TEJ/='£?TiT,JR£,  l\ 

Fig.  172.  Effect  of  junction  temperature  on  the  depletion  layer  width. 

3  2  22  3 

"^applied  “  ^  X  ^  A/m  an<^  Nd  *  1  x  10  atoms/m  .  Temperature  depen¬ 
dences  of  both  ionization  coefficients  and  thermally  generated  carriers 
combine  to  produce  the  plot  shown  here. 


APPENDIX  B 


LISTING  OF  COMPUTER  PROGRAMS 

1.  JVT  program  of  Chapter  IX 

2.  JVT  program  of  Appendix  A 

3.  Electrothermal  model,  uniform  junction 

4.  Electrothermal  model,  n+n  spikes 
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JVT  Program  of  Chapter  IX 


I 
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//N22J16H  JOB  IPS443.22)  ,  •  BLDENSTe I N*  , REG l CN-256 K  ,  NCT  IFY=PS443PE 
/♦JOePARP  T  IME=959,LINES-  19K. 

//  EXEC  CSMP3 

7/FT13F0C1  DO  SPACE=( 35CO,(  ICO, 100)) 

//FT16F001  CD  0SN=PS443.PLTJ16H,CISP=(NEI*,CATLG), 

//  UNIT=DISK,LABEL=RETPD=9,SPACE=ITRK,  15 ,5),RLSE), 

//  OCB® ( R  ECFM^FB » LRECL-176«BLK  SIZE-3520) 

//CCMPRINT  OC  S YS CUT  =  A 
//SYSPRINT  OD  SYSCU=A 
//CSMP3.SYS  IN  CC  * 

INITIAL 

RENAME  TIME=XP,DELT=DELXP,FINTIM=FINXP 

*  ALL  VALUES  IN  MKS  UNITS 

*  RELAXATION  TIME  TAKEN  AS  I.OE-6  SECCNCS  FOR  hCLES  AND  ELECTRONS. 

*  INT.  N+N  TO  NP+  SIDE. 

MET FCJO  RKSDP 

PARAM  0A=9.99E-4  ,J  =  1 .OEOb 

*  PARAM  T=I  300. C,2SC.C,4CC. 0,450. 0,500. 0,520. 0,540.0, 550.0) 

*  PARAM  T=  1 560 .,570. ,580. ,600. ,610.,  620., 62C., 640., 650., 660. , 

*  PARAM  T  =  I  68C.  ,7QC.  ,710. ,720. ,730. ,740. , 750 . , 760  . ,770  .  , 780 . , 800  .  ) 

*  PARAM  T*(800.,  825.  ,  850.  ,  675.  ,900.  ,925.  ,950.  ,575.  ,1000.) 

PARAM  T-( 30 0.0, 5 GO. 00, 700. 00) 

*  PARAM  SIGMAB=2. CE  C  «N0  =  1 • E20 

*  PARAM  SIGMAfi=2.1El,NC=  I.E21 
PARAM  NC=1 . E22 

*  PARAM  SIGMAB*1.  1E3,NC*1.E23 

*  PARAM  S IGMAB=2.8E3,N0=5.£23 

*  ISTEP=1FIXI0.0) 

PARAM  EPSILN=1.C6E-1C,.  .. 

S  IGMAA*9  .52 E4,... 

NA=  1.0E26,... 

NDO=0 .5E26, ... 

ER=0.1008E-19,... 

K-1.38E-23,.  .. 

EI=2.164E-IS,  ... 

PLMDAG*4.70E-9,..  . 

NLM0A0=7. fcOE— 5,... 

C-l  .6E-19 
EB= J/SIGMAB 

PARAM  MLCP»4  80.  ,AP*6. 1 E3 , 8 P*2 . 5E4 , NP=4 . E 1 6 , S P *3 l . , F P*  l  .6 ,  ... 
KI*1.5E45,EG=1.76S6E— 19 

NI *$CRT |KI)*(T**1.5)*EXF( < -  EG  1 / 12 . EO *K*T ) ) 

EK*EB*i.E-2 
NK*NC*l .E-6 

MQBP=ll.+M0BPl+MCBP2*MCBP3) 

MOBP  l*NK/(  I NK/SPJ+NP) 

MC8P2MEK/AP)**2/  (  I  EK/  A P  )  ♦  F  P  ) 

MOB P 3*1 EK/9P)**2 
MUN  IEP*MUOP/SORT ( MOBP ) 

MLP«Cl./T**2.5)*MUMEP*l.E-4*l.5  733E6 
AVER«ER*TANH(ER/I2.  C*K*T)  ) 

R-AVER/EI 
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F  1=  1 1 . 5*  P*  P- 1 .  I  7*  9  ♦  3 . 9  E-4 
F2=46.C*R*R-  11.  9*k*  1.  7  5E-2 
F3=-757.0*R*P*75.5*R-1  .9  2 
NLROA=NLKCA C*AV£R/ER 
PLMOA=PLMDAO*AVER /ER 
R1=2.0*NI*NI/N0 
R  2=1. G+4. C*NI*NI/tND*ND) 
R3=SQRT  tR2) 


PN  =  P 1 / 1 1 • G+  R3 ) 

RTDOT=2.528E3/T**C.75 

PROCEDURE  JPO, JNC, JDO, JFU=FUNCTt Q,EB,MUP,PN, J.RTDCT) 
JFO=Q*EB*RLP*FN 
JDO=Q*RTDCT  *PN 
JPC=JCG+JFC 

IF ( JPO.GE. J)  CALL  FINISH 
JNO= J- JPC 

END  PRC 

EPC=T**l.6/t  0. 01896 C— 1. 972CE-4*  ALCGIO  t  NC) ) 

ENC=T **1.5/I7.0234E— 3-2.8184E-4*ALGGl0t  NO)l 
MUOPH= t 0.3284-0. C1283*ALQG 10 IND ) )*t 1300. O/T )**2.6) 
MUONH=t .8956-C. C3 594*AL0G 10 1 ND ) ) *  I t 3  CO. G/T ) ** 2. 5) 
PROCECURE  S I GMAB= FUNCT I T  ) 

IFtT.EO.3CO.OJ  SIGRAB=189.0 


I F (  T  .EQ  .350.0 
IF (T .EC. 400 .0 i 
IF « T.E0.450. C) 
IF(T. EC-500. C) 
IF(T. EC. 520.0 J 
IFiT.EQ. 54C. C  > 
IF(T.  EC.  560.0 
IFtT.EC.570.0J 
I  Ft  T  .EQ  •  5  EO  •  C  J 
IFtT. EC-600  .0) 
IF  I T.EQ. 610.01 
IF(T .EO .620.0 ) 
IF (T  .EC. 630.0 ) 
IF  t  T.E0.64C.C) 
IFtT.EC.65C.CJ 
IFtT. EC. 660.0) 
IFIT.EQ. 67C.CJ 
IFtT .EQ. 680.0  J 
IFtT. EQ. 690.0) 
IF ( T.EQ.7CC.C) 
IFtT .EQ.710.0) 
IF! T.EQ. 720.0) 
IFtT  .EQ.72C.C) 
IFtT. EC. 740.0) 
IFIT.EQ. 75C.C) 
IFtT.  EQ.  760.0 
IFtT. EC. 770.0 ) 
IFtT. EQ. TEC. C) 
IFtT. EC. 790.0) 
IFIT.EQ. 800.0) 
IFtT. EQ. 825.0) 
IFtT  .EC. 8 50.0  ) 


SIGMAB=133.0 
S  IGMAB= 109.0 
SIGRAB=77.0 
SIGMAB=63.10 
S  IGM AB=53 -0 
SIGVAB*47.5 
SIGMAB=45.0 
S  IGK AB=45 .0 
SIG  PA0  =  4  5. 0 
SIGMAB=47.32 
SIGRA8=49.0 
SIGMAB=  52.  0 
S  IGMA8=55.0 
SIGNAB*59. 0 
S  IGMAB=  6  3.0 
S  IGP  A 8=68  .0 
SIGKAB-73.0 
S  I  GMAb=  79  .0 
S  IG*Ae=85.0 
SI  GMAB  =  9  1.73 
S I GMAB=  111.0 
SIGPAB=125.0 
SIGMAo=  139. 0 
S  IGMAE=1 54.0 
SIGMAB=167.88 
S I GMA9=  188.0 
S I GM  A  8  =  206 .0 
S I  3 RAB=22  B. 0 
SIGMAB=248.0 
SIGPAB=273*84 
SIGMAB*385.  C 
S IGMAEsSOO.C 
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IF!  T.EQ. 875.  C)  u 

IF ( T  .EC.9CC.C)  S I GMA 3=  69C . 

I F (T. EC. 92  5.0  )  S1GMAB=909.0 

1F{ T.EQ.S5C. C)  SIGXA 3=1111.0 

IFtT.EQ. 975.0  S  IGMAB=  1250.0 
IF(T. EC. 1000.0)  SIGFAB  =  1429  .0 
IFIT.EQ.1C25.0  SI  GPAB  =  1667.0 
IFtT.EQ.1050  .0)  S IGMAB= 2000.0 
I F  f T.EQ. 1075.0)  SI GPAB=2174.0 
IF(T.EQ.llOC.C)  SI GMAB=  2500. 0 
IF(T. EQ. 1125.0)  S IG^A8=2941 .0 
IF ( T.EQ. 1 1 5C. C)  SI uNAB=3125 .0 
IFtT.EQ. 1175.0  S  I  GMAB=  3  571.0 

I F  (  T.EQ.  1200.0  SIGVAB=3846.C 
IFtT.EQ. 1225.0  SIGMAB=  4348. 0 
IFtT. EC. 1250.0)  S  1GMAB=4651  .0 
IFtT.EQ. 1275.0  SI  GKAB=5000.0 
IFtT .EQ.120C.C)  S  IGMAS= 5263.0 

ENDPRG 
NO  SORT 

WRITEt6*80)  NC»J,EE»EPC»ENC 

80  FGRMAT11X,4HN0  = , 1 P El 1 .3  ,3X ,3H J  =  , 1  PE  1 1 . 3 , 2X , 4H £3  =,  IPE1 1.3,  3X,  .. 
5HEPC  «,1PE11.3,3*.5HENC  =,lPEU-3) 

WR  IT  E  1 6 , 90  )  JDC,  JFC,  JPO,T,SIGHAB 

90  F0RMAT11X»5HJDC  =  ,  l  PEI  1 .3  ,3X  ,5HJFG  = ,  1 P  El  1  .3, 3X,  5HJP0  =,IPE11.3, 
3X.3HT  =  ,  1PEU.3,3>,8HS!GFAB  ~,1PE11.3) 

HRITE<6 ,190)  Ml  F » C  Ph  »MUONH 

190  FORMATl 1X.5HMLP  * , 1  PE  1 1 .3 ,3 X , 7KMUCPF  =  , IP  El l . 3  ,3X ,7 FMUCNF  =  ,... 

1PE11.3) 

PXP=— 1 . E-l 1 

SORT 

OYNAMIC 

PRCCEOURE  E,  JN=Fl'NCT  IXF, EB,JNO) 

IF(XP.LT.l.CE-S)  E=E8 
IFtXP.LT .1.0 E— 9 )  JN= JNO 

ENOPRO 
JP=J-JN 
EK=  ABS  (  E  ) 

NX=EI  /(  C*E"*MPCA) 

PX=  El  /(  Q*EM*PLMDA  ) 

PROCEDURE  ALPHAP, ALPhAN= FUNC t NX , PX , NLMUA , PLMO A ,F  1,F2,F3) 

IF  (  XP-i.  OE-8)  20,20,30 
20  CONTINUE 
AlFHAP=0 
ALPHAN=0 
GO  TO  AO 
30  CONTINUE 

ALPHAPM l.C/FLyDA)*EXPIFI*PX*PXtF2*PX+F3) 

ALPHAN*  t l.0/NLMCA)*EXP(Fl*NX*NX+F2*NX+F  2) 

40  CCNTINUE 
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ENDPRO 
0 JNOX P=U-G 

U*(  1.0E6*C*  (NI*NI-N*F)  )  /  (P4N+2  .0*NI) 

G- AL PHAN *JN4 ALP HAP  *JP 

PROCEDURE  VP.VN=fUNC!EM,T ,  EPC, £NC, NO,  MUOPH.MUCNH) 

IFIEM.GE.EPC)  VP =4  0. 75 E5*S CRT  I  300.0/ T) 

IFIEM.GE.EPC)  GO  TO  125 

RGOT P=SQPT  ( Q .5  * ! 1 . 4S  CRT 1 1.4 1.444£E-8*ML0PH*ML0PH*£M*EM) ) 1 
IFiEM.L7.EPC)  VF=MUC  PH*  EM/RCCTP 
125  IF(EM.GE.ENC)  VN=- 1.  05E5*SGR  Ti  300. 0/7) 

I F 1  EM. GE. ENC )  GC  TO  135 

ROCTN-SGRUC.  5* 1 1.4  SORT 1 1 . 4l ,4448E-8*MUCNH*MUCNH*EM*EM) ) ) 
IF! EM.LT  .ENC)  VN=-MUONH*EM /RQOTN 
IFIVN.GT.-2.0E4)  VN*-2.0E4 
135  CONTINUE 
ENDPRO 
P*JP/!C*VP) 

N*— JN/!Q*VN) 

NCSORT 

JN*1NTGRL! JNG,CJNCXFI 
IF(JN.GT.J)  JN=J 
W=J/VP*JN*! 1  .O/VN-l.O/VP) 

CND=  C*  ND 

IF(CND-W)-  37,37,  38 

37  h =0 

38  CONTINUE 

DEDXP*!  O/EPS  ILN  ) *N0  +  !  l./EPSILN)*W 
E*INTGRL!EB,OECXF) 

V-I  N7GRLI  0  ,E  ) 

RFC-EPS  ILN*DECXP 

IF (ABS(JP) • GE. (0.99*A8S(J) ) )  CALL  FINISH 

♦  IF  I . NOT. (KEEP. EO.l. AND. IFIX« XP) . E C . I STE P ) )  GC  TO  10 

♦  CALL  DEBUG!  10,  0.0  ) 

♦  I  STEP* I STEP+IFIXCi.E-7) 

10  CONTINUE 

IF! KE EP.NE •  1  )  GO  TO  100 
* WR I TE I  6,1 C6)  XP,PXP 
*106  FORMAT!  IX,2E14.7) 

IF(XP.LT.FXF)  GC  TC  100 

WRITE!  16,110)  T,XP,E,V,RHC,JP, JN»P,N,N1  , ALP  KAN , ALP hAP  ,U , G, VP, VN 
110  FORMAT!  16E11. 4) 

FXP*FXP4-1.0E-07 
100  CONTINUE 
SORT 

TERMINAL 

TIMER  F INXP* 1. 0CE-5 ,PRDEL*1 • E— 07  » DELM l N=i .OE-18 
PRINT  E,V,RKO»JP, JN,P , N, N I , ALP  HAN , ALPHAP , C , G , V P  ,  VN 
♦PLOTTING  RCU7INE 
OUTPUT  E 
PAGE  LOG, MERGE 
END 
STOP 
// 
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2.  JVT  Program  of  Appendix  A 


480 


//N21J14A  JC6  (FSA43,5R>, a A 9U AH , R EG 10N=  128K.NCT  IFY=PSAA2AB 
/♦ROUTE  PRINT  RM71 
/♦JC8PARM  T  IM£=C55,LIN£S=15K 
//  EXEC  CSMP3 

//FT  13FC01  DO  SPACE=( 35C0,{ ICC, 100)) 

//COMPRINT  CD  DUMMY, 0ISP=(NEH, DELETE) 

//SYSPRINT  CC  CLMMY,CISP=(NEW, DELETE) 

1//CSMP3  .  SYS  IN  DO  ♦ 

IINITIAL 

IRENAME  TIME=XF,CELT=CELXP , F  INT  IM=  F  I  NX  P 
i*  ALL  VALUES  IN  MKS  UNITS 
!♦  INT .  N+N  TO  NP  +  S  ICE  . 

'METHOO  RKSOP 

|  PARAM  DA=9.9SE-A,J= 1.0EC4 ,T=( 3CC. ,4GC. ,5CQ. ,60C.  ,700. ,750., 
>  800- ,850.  ,900  .  ) 

|*  PARAM  SIGMAB=2.0E0,NC=1.E20 
j  PARAM  S  IGMAB=2.1E1,ND=  1.E21 
i*  PARAM  SIGMA  B= 1-6  E2,NC=I-E22 
'■*  PARAM  SIGMAB-1.  1E3»ND=I.E23 
j*  PARAM  S IGMAB=2.SE3,NC=5.E23 
*  I ST£P=IFI X<0.0) 

PARAM  EPS  ILN=1.C6E-1C,.  .  . 

SIGMAA=9.52E4,... 

iMA»1.0E26f... 

;NDD=0.5E26,  ... 

,ER=0.1008E—19». . . 

K-l- 38E- 23 , ... 

.PLMDAC=47.E-I0,  ... 

NLMDAC=76.0E-10,... 

El*  2.  16  AE-  IS,--. 

Q*l .6E-19 
;EB=  J/SIGMAB 

PARAM  MUOP-  A  80  •  ,AP=£.1E3»BP  =  2.  5E A , N P  =  4.  E 1 fc , S P  =  61 .  ,  F F* 1  .6  ,  . . . 
KI*1-5E45»EG*1-7696E— 19 

N  I*  SQR  TIKI  )♦(  T*M.5)*EXP(  (-EG)  /  (2.  EO*K*T)  ) 

EK*EB+l.E-2 
NK=ND*1 . E— 6 

MOBP*(  i.+MOBP  1<‘MC8P2+MC8P3) 

MCBPl*NK/( (NK*SP )*NP) 

MCBP2»tEK/AP)**2/( (EK/AFJ+FP) 

MOB  P3* ( EK/8P ) ♦*  2 
MUNIEPaMUOP/SGRT  IMOEP) 

MUP*(1.  /T**2.5)*PUMEP*1.  E-4*l  .5738  E6 
PN* I-NO) /2 -♦SQR  T( (ND^*2/4.  ) ♦NI 2 ) 

;JPO*Q*EB*MUP*PN 
NO  SORT 

tF( JPO.LE.C.O)  JPO=1.0 
SGRT 

JNO»(  J- JPCJ 
OYNAM  IC 
JP*J-JN 

AVER«ER*TANH(ER/(2.EC*K*T)  ) 

NX*EI/( Q*EM*NLMDA ) 

PX*El  /  ( C*EM*  FLM.CA) 

♦REFERENCE:  A. L . HARD , I EEE  TRANSC.  NUC.  SC.  CEC*76 
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8ET  A=2.E-3 
EE=EP*l.E-2 

XLPHAP=  1.5  8E6M  l.EC-BE  TA*  (  T-30b.E0))*EXPI-2  .Q3E6/EE) 

XLPHAN=7.03E5*( 1 .  EC-BETA*! T-300.E0  >  ) *EXP ( -  1 . 2 2E6/E t ) 

4LPHAP=XLPHAP*1 . E2 

ALP  FAN=XLPHAN*1.E2 

PLMDA  =  PLMD AC* (AVEP/EPI 

NLMDA=NLMDAC*(AVER/ER) 

R=AVER/El 

OJNDXP=-<ALPHAN*JN)-(  ALPHA  P*JP) 

JN=1NTGRL(JN0»DJNDXP) 

£M=A8SiE) 

ABSRHO=A8S (RHC) 

A BS J= AB  S ( J  ) 

ABSJP^ABSI  JP) 

ABSJN=AB$<  JNJ 
N=-JN/CQ*VN) 

P=JP/( C*VP) 

VN*-1.05E5*SQRI(3QQ.E0/Ti 
VP= ♦ .75E5*SQRT 130C.EQ/T) 

V=I  NTGRL  (0  •  »  E ) 

RHO-EP  SI  LN*OEDXP 
E=IMGRLIEB,DECXP  J 

DEOXP*. !  C/£PSILNJ*NC*(1  .  /  EP S  1LN  )  *  ( J/ VP ♦  JN*  ( 1  ./VN-  1 . /VP  )  ) 
NO  SORT 

IFIRHO.LE.O.O.OR.A8S(JP).GE.C .9*A8SJ J))i  CALL  FINISH 
*IF(. NOT. (KEEP. EC-1. AND. IFIXIXPJ. EC. 1STEPJ)  GC  TO  10 
♦CALL  DEBUG! IC,C.C> 

*1STEP=ISTEP+IF1X<  1  -E— 7  J 
10  CONTINUE 
TERMINAL 

TIMER  F INX P=9 .99 E-4 , PR C EL =  1 . E-06 , DEL M I N= 1 . OE- 1 S 
PRINT  EtV.RHO.JP, JN  ,N,M  ,  Al  PriA  N  ,  AL  Fh  A  P 
ENO 
STGP 
// 


482 


Electrothermal  Model,  Uniform  Junction 


noon  on  on 
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IMPLICIT  REAL*3  <A-H,C-4> 

OCUCIE  PRECISION  I  ,  I T CT , NA , N C , NOD 

DIMENSIGN  T( 52,11)  ,ft( 53,  11)  ,STPRS(53I  ,1 (53) ,CCSLM(53,11  )  , 
$  V J 153 )  »CLCGIC(53),STPV  152), 1 ERM2 l 53 , 1 1  > , T AP l 5  3,11) 
$,STPMS(53 ,11) 

NSTPS=20 

JR=53 

JRBY2=( JR  +  1) /2 
KC=  1 1 
KCJ=3 
KC  1=KC-  1 
KCJP  1=  KC  J  +  1 
KC2=KC-2 
JR  1=  JR-  1 
J  R  2=  J  R  -  2 


I  TOT=  12.0D-3 

STPLNJ=4 .0  C— 6 

CP=930.D0 

NA- 1 .00  26 

NC-1 .0  C22 

N00=  5.  CD  2  5 

QNSTY=  2 .3203 

S I  Pl»0H=4 .  C C-6 

FLMTHK  =  0. CD- 6 

STPARA=STPM3F*FLMThK 

STPLNl=16C.O— 6 


STPLN2  =  (3. CD— 5—  S I  PL  N  J ) /&. 

STPVL l=STPLNl*STPARA 
STPVLJ=STPLNJ*ST  PARA 
STPVL2=STPLN2*STPARA 
STPMS 1=0NSTY*ST  PVL 1 
STPySJ=CNSTY*$T  PVL J 
S1PMS2-0NSTY*STPVL2 
T  S=  300 . CO 

INITIALIZE  ALL  STRIPS  TC  SUESTRATE  TEMPERATURE  'TS*. 


TIME  =  C.OC 
DO  5  J= 1 , JR 
I  (  J)  =  ITCT/  JR2 
DO  10  K=  1  ,  KC 
T ( J, K  )  =  TS 
OCSUV( J,K)=O.CO 
10  CUNTINUE 
5  CONTINUE 

OC  15  J*2  ,  JR1 
RS=C.OC 


n  n  m 
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CC  20  K-=  2  ,  K  C  1 

IF(K.LE.2)  CALL  CALCRS l STPLN1 , NA  , T ! J ,K ) , R ( J , K J  ) 

IFfK.EQ.KCJ)  R( J ,KCJ) =0.DC 

IF(K.GT.KCJ.ANC.K.LE.XC2)CALL  CAL  CRS!STPLN2»NU,7!J,K)  >R  (  J  |K)  ) 
IF(K.GT.KC2)  CALL  CALCRS ( STPLN1  ,  NCD  ,T (J  ,K) , R ( J , K J) 

RS=RS+R< J,K  ) 

20  CCMINUE 

DLOGIDI J)=DLCG1C!I ( J) /STPARA) 

CALL  CALCV  J { T  !  J , KCJ )  , V J! J ) , DLOG ID ( J t, ITER) 

I  Ft  VJ! J) .GT.  .0500)  GC  TO  14 

CALL  CALCRS! STPLNJ,ND,T!J,KCJ),R!J,KCJ)) 

VJ!  J)  =  I!  J)*P  !J,KCJ) 

14  STPR  SI  J)  =R  S 

15  CONTINUE 

VTCT  =  V  J  ( 12 )  +  (  1(12 )*STPRS!12  )  ) 

WRITE  (6,  DVTOTtVJ!  121  ,  STPkS(12) 

1  FORMAT (IX, IP3E14-3) 

C  WPITE(6»9M(T!J,K),K  =  2,12)»J=2,JR1) 

C9  FORMAT!  IP  11E1C-3) 

DO  25  J=2  » JR  1 
DO  30  K=2,KC1 

I F (K .EQ . 2  )  S  TPM  S ( J»K)=SIPMS1 

IF(K.EC.KCJ)  STPMS (J,K)-STPMSJ 

1 F ! K-GT .KCJ. AND. K.LE.KC2)  STPMS ! J  ,K )  =  STPMS2 

IF(K.GT.KC2)  STPMS!  J,K)=STPMS1 

30  CCMINUE 

CONTINUE 


DO  35  ITER=1,NSTPS 
IFIITER.LE.2)  TAU=l.D-9 
IFUTEP.GT.2  )  TAU=l.C-8 
T IME=  T I ME+ TAL 
WRITE(6,3)  TIME,  ITER 

3  FORMAT ( 1  OX  ,  7H  T I  ME  =  ,1  PE  13 .4 , IX , 8h  SECOND  ,14) 

7  FORMAT!/) 

DC  45  J=  2  » J  R  1 
DC  50  K=2,KC1 
VOLT=I(  JMR!  J,K) 

I  F  ( K  .  EQ  .2  ) 

S  CALL  CCAP  !VCLT,STPLM  ,T  ,  J,K  ,  l  (  J)  ,  DCSUM  !J,K  )  , STPMS!  J,K)  , 

$  DTAP , TER M 2 ( J  ,K) ,1  TER) 

IF  (K. EC. KCJ  ) 

$  CALL  DCAPtVJ(J)  , STPLN J,T , J ,K , I  (J) ,DCSUMlJ,K)  ,STPMS(J,K), 
$  DTAP  ,TERM2<  J,K)  ,  ITER) 

IF1K.GT.KCJ.ANC.K.LE.KC2) 

S  CALL  DQAP(VCLT,STPLN2 ,T,J,K,I { J)  ,DQSUM( J,K)  ,S1  PMS(J,K), 

S  CTAP.TERM2! J,K),  ITER) 

I  F  !  K.  G.T  .  KC2  ) 

*  CALL  DCAP1 VOLT.STPLNl  ,T,J,K,I( J)  ,DGSUM!J,K)  ,STFMS!J,K), 
i  CT  A  P , T  ERM2 ( J , K  ) »  ITCR) 

TAPI  J,K)=H  J,K)*CTAP 
C  Wk  ITEl 6, 6C6 )  T  AP  (  J  ,  K )  ,0  T  A  P  ,  K  ,  J 

C606  FCRM  AT  !  IX  ,  1P2£10.2,2I4) 
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50  CONTINUE 
45  CONTINUE 

DC  55  J=2,JR1 
DO  60  K  =  2  *  KC 1 
VOLT=I( J)*R( J,K) 

IFIK.EC.2J 

$  CALL  OQIVCLTfbTFLNI  »TAP»J»K,1(J)  »D£JK»STFMSIJ»K), 

$  CCSUM! J,K),TERM2! J,K  ), ITER) 

IFtK.EC.KCJ) 

i  CALL  DClVJtJJ.STPLNJ,TAP,J,K,I!J) ,CCJK,STPPS(J,K), 
$  DCSUM ( J  t  K  ) »  T  ERM2I J  ,  K  ) , ITER) 
IFIK.GT.KCJ.ANC.K.LE.KC2) 

$  CALL  DC! VCLT.STPLN2  ,TAP  ,  J,K,1! J)  ,DCJK,STPMS  !J»K)  , 

$  CCSUM{ J, K), TERM21 J,KI, ITER) 

IFtK.GI.KC2) 

$  CALL  DQ1VOLT.STPLN1, TAP, J,K,I ( J) ,DQJK,STPMS! J,K) , 
$  DCSUM! J,K) ,TERN2(J,K ),  ITER) 

T  t  J  ,K) =T( J  ,K)+DCJK/( STPMS !  J  » K )  *  C  P  ) 

IF(T <J,K) .CE.  166C.0C)  GO  TO  26 
60  CONTINUE 

55  CONTINUE 

IFtMOCtITER,  1CI.NE.0)  GO  TO  £4 
WPITE<6,7) 

WRITE! 6,5555)1! T( J,KJ  ,K=2,8)  ,J=2  ,25) 

9999  FORMAT  ( IX , 1P7E10 .3 ) 

WPITE16.7) 

C  WRITE(6,5)((T(J,K},K=13,22),J=2,JRI) 

t>4  DO  65  J=2,JR1 

R  S  =  C. C 

00  70  K=  2 , KC  1 

IF  IK.  EC. KCJ . ANC.VJ { J  )  .GT  ..05 CO)  R l J , KC J )= C . 0 C 
I F (  K.EQ. KCJ. AND. VJ( J) .LE..05C0) 

$  CALL  CALCRStSTPLNJ, NU »T!J*K),k!J»K)) 

IF(K.LE-2 I 

$  CALL  CALCRStSTPLNl  ,NA,Tt J,K)  ,K{ J,KJ) 

IFtK.GT  .KCJ  .ANO.K  .LE.KC2) 

$  CALL  CALCRS CSTPLN2  ,NC,T( JfK) ,R( J,K) ) 

IF(K .GT.KC2 ) 

$  CALL  CALCRStSTPLNl, NOD ,T { J , K } , R < J , K ) ) 

R  S=R  S+R ! J  »  K) 

C  IF  (K.NE.2.0R.K.NE.4)  GO  TC  70 

C  IF  (K.EC.3.CP.K.EC.4)  GO  TO  72 

C  72  WRITE(6,11)  T  (  J  , K)  ,  R  t  J  ,  Kl  *  J  »  K 

Cll  FORMAT! IX, 1P2E14.3, 4X, 21 3) 

70  CONTINUE 

STPRS!  J)  *R  S 
65  CONTINUE 

V  JBY  RS  =  Q. CO 
STPR  SI  =  C.  DC 
00  75  J=2 , JR  1 

CALL  CALCV J( T t J.NCJ) ,VvtJ),DlCGlD(J),ITEK) 

IF!VJ!J  J.GT..C5DC)  GC  TO  80 
_ CALL  CALCPS (STPLNJ,NC,T  (J,KCJ ) ,R! J, KCJ  )  ) 
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VJl J) =1 ( J)*R ( J.KCJ) 

80  VJBYRS=VJBYRSH  VJIJ)/STPRSIJ)) 

STPRS l =STPRS 1 ♦ ( 1.C0/STPRS  (J  )  » 

75  CONTINUE 

VTOT= { ITOT ♦VJBYRSJ/SIPRSI 

OC  85  ITLCCF=I,10 

C I70T=C.0C 

vjevRS=o.co 

STPRSI=O.CO 

DO  SO  J=2* JR  1 

n j>  =  (vtct-vj(j j  j/sr frs (j j 

IFI  II  JJ.LE.O.DOJ  1(J)=0.C0 

I F (  I <  J )  .LE.O.DO)  V J ( J I  =  V TO T 

I  F  ( I  (  J)  .LE.O.CO)  GC  TO  95 

OLCG ID(J)=DL0GLC{1 (J) /ST  PARA  I 

CALL  CALCV  J  { T  U,KCJ  ) «  V  J  (  J  !  ,OLCJG  ID  {  J  )  ,  I  T  ER  J 

IF(VJIJ).GT..05C0)  GC  TC  95 

CALL  CALCR  S( STPLN J ,ND  , T( J ,KC J)  (RI J»KC J) ) 

V J ( J )—  J  < J )*R(J,KCJ) 

95  STPV( J)  =  I ( J)*STPPSl JJ+VJC J) 

VJBYRS=VJBYR  S  +  IYJ(J)/SIPRSIJ)) 

STPRSI  =  STPRSI  +  (1.C0/STPRS  (J)) 

C  WRITE ( 6  »  12)  I ( J I  tSTPRS(J)  •  V  J ( J )  »T  I  J  *4 ) 

C  13  FORMAT  (1X»  1P4E1C.3) 

CITCT  =  CITCT*I  (J) 

50  CONTINUE 

VTOT=I ITOT  *VJ8YRS)/STPRSI 
17  FCPMAT (1P2E10.3) 

85  CONTINUE 

C  WR  IT  E  (6  *  17  )  V  TOT  »  C  ITOT 

85  CONTINUE 

IFI MODI  ITER*  1C) . NE«  0  )  GO  TC  37 

86  WRITE (6 *17)  VTCT,CITCT 

WRI TE  l  6  » 19)  (STPV(J)  *J=2»JREY2) 

WRITEC6.19)  ( VJl J ) , J= l, JRttY2J 
WPI TE  16  *19)  1 I(J),J=2,JRBY2  ) 

19  FORMATl  1P13E  1C.  2) 

WRITE  (9)  TIME,T,R,VJ,  1 , V  TO T , OQSUM f I  TER 
67  CONTINUE 

35  CONTINUE 

36  WR1TE19)  TIME, T,R,VJ, I, VTOT, OQSUM, ITER 
STOP 

END 

C 

SUBROUTINE  C ALCRS I STPLNG » CCP  ING »T EMP, RES  1ST ) 

IMPLICIT  RE AL * 8  (A-H.C-Z) 

DGUBLE  PRECISION  MUOP , NP , MUON , NN , K1 , N I , MUNE , MUPE , MUP ,MUN 

DOPI N1 *DCPI NG*1 • 00-6 

STPWOH- 5 .00- fc 

FLMT FK  =  0  .6 C-6 

stpara=fln IHK*STPWDH 

MU0P=48C.0C 

NP*4 .0D16 
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SP  =  8  1 . 0  0 
AP=6.  ID3 
FP  =  1 .6C0 
BP  =  2. 5D  A 
MUCN=1A00.CC 
NN=3. CC16 
SN=35C.DC 
AN=3  .5 03 
FN=8. 800 
BN=  7.403 
0=1.60-19 
EM=l.  CD5 

EG=1.106DC*1. 6D-  1 S 
K  1  =  1  .5045 
BK=1. 380-23 

N  1=  (  K  I  **0 . 5D 0  )  *(  TEMP**1.  5DC)*0EXP  I -EG/ 1  2.  D0*BK*  7E  HP  }  ) 
S0RTM=CSCPT( (COPING/ 2 -00 1**2 *N 1**2) 

MUNE  =MUCN'*D  SC  RT  I  1.  00/  ( 1 .  DO+DCP  I  M  /  (  (  OOP  I M/ S  N  i  +  NN )  +  I  EM/  AN)**2 
$  /  I(EM/ANHFNJ*(EM/BN)**2)) 

MUPE=MUCF*CSCFT(1.CJ/  (1 .CO+CCPINl/I (DGP1N1/SP)*NP)+(EM/AP )**2/ 
$  ( (EM/AP) +FP )♦< EM/BP)**2 ) ) 

MUF=MUPE*1.5738C2*( 1.00/TEMP )**2. 5 
MLN=MUNE*1.5738C2*I1.C0/TEMP)**2.5 

RHO=( l.DC/(0*(MUP*(00PING/2.D0+SCRTM)+MLN*(-CCP I NG/2 . DO *S CRTM J 

RESIST=(RFC*STPLNG)/STPARA 

RETURN 

END 


C 

C  BASED  ON  ITS  HEAT  TRANSFER  TC  AND  FROM  SURROUNDING  STRIPS. 

SUBROUTINE  CC  (VOLT , ST PLNG,T AP r J , K ,  I J, CQ JK , SMJK ,DOSJK ,T2JK ,1  TER) 
IMPLICIT  REAL*8  (A-HfC-Z) 

REAL* A  EPS 

OCUBLE  PRECISION  I ,  L ENGT h , I J , KS I , KS  l C 
DIMENSION  TAP ( 53  » 1 1 J 

OIMENSION  TS  1 117  ),TS  I0( 17) ,KSI(  17),KSIQ(  17) , TSAI  17)  , TSAOI 17) 
OIMENSICN  DIFSAI17)  ,DIFSAC(17) 

OATA  TS  10/ 27 3. DO ,3CC.0C,35C.D0, ACC. DC* 5CC.DC  ,60 C  .CO  ,700. DO  ,300. D< 
$  900. 00, 1000. CO, 

$  11  CO. DC, 1200. DO, 13CC.D0 ,1AC0.C0, 1500  .00 , 1600. CO , 1685 . DO/ 

DATA  KS 10/16  8.00,  1A 8.  DC,  1 1 S .00 , 98 . 9D0 , 76. 2D0 ,6  1- 9U0 , 50.  8D0  ,  A2.2D- 
$  35.900, 

*  31.  2D0,  27.  SDC,  2  5.  70C  ,2  A.  ADO  ,23.500  ,2  2 . 7D0  ,22. 1  CO  ,  22 . 00/ 

OATA  TS AO/ 300. DO, 36 e. DO, A03 .DO , A  1 7. DO  ,  A  5 1. D C , 5C A. DO , 5A6. DC , 56 8. D< 
$  713.00,871 .CC, 900. CO , 

*  S76.DC, 1C61.DG, 1 23 c . 0 0 , 1 3 15. DC , 1 593. DC  ,  1 6  92 . CO/ 

OATA  CIFSAO/ .0786 DO, .073600, .06A5DO,.C5SODO,. C 5 7600 , . 0A56DC , 
i  .CA15DQ,.C376DG , 

$  .027000, .021 60 C, . CIS  ID 0,.C171D0,.0152CC,. 012 ADO, .012300, .011  CO, 

$  .01200/ 

JR  *5  3 
KC=  1 1 
T  S=300. CO 
KC  J=3 
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ST  PLN J  =  4 . UU- c 

ST  PL  N2- (3.0C-5-ST  PLNJ  J/6.C0 

STPLN  1=  16C. D- 6 

JR  1=  JR-  1 

KC 1  =  KC— 1 

KC  2=  K C -  2 

FLMT  FK=0.£C— fc 

ST  PWDH=4 • CC-6 

IFIITER.LE.2)  IAL*l.D-5 

IF  I  ITER  .GT .2  )  TAU=l.D-8 

C*l. 000 

EPS*  .SEC 

TEMP=TAP(J,K) 

NPNT  S=l 7 

T  IME*DFLOA  T  I  I  TER  )  *7Al 
DO  1  L= 1 »  NPNT  S 
TSAI L )  =  T  SAC  I L i 
TSIIL  )=TSIOIL) 

KSIIL)=KS  10  (L  ) 

3 1 F  SA  (  L )  =D  I F  S  AC  ID  *  1 .  D-4 
I  CONTINUE 

CALL  CACFIITERF.TS I ,KS I, CONNS  I, NPNT S, EPS, IER i 
CALL  DACFIITEJ'P,TSA,DIFSA,D1FFSA,NPNTS,EPS,IER) 
IFIJAPIJ.KJ.LT.5QC.DC)  C0NNSA=5£. 16DC-1 . C7S5DC* TAPI J,Ki J 
I  FIT  API J,K) .GE.500.DQ .  ANO  .T AP l J , K ) .L E .7C0 .DO J 
$  CONN  SA=3  5.  12S0C-I.  C3345DC*TAPI  J,K)  ) 

I  FIT  API J,K>  .GT.7CO.DO .AND. TAP  I J ,K J . LE . SCC.D 0 ) 

*  CCNNSA*26.38CG-(.020S45D0*TAPI J,K)I 
IFI TAPI J.KJ.GT. SCC.D d  CCNNSA*7. 3D0 
CP=930.C0 

AT=IFLMTHKt=STPLNG*CCNNSI )/  (2.*STPWCH) 

TERN  1*1 VCLT*I J*TAU) /C 
C606  FCRRAT  I1X,1P3E10.2,2  13 ) 

C  WRITE! 6, 6C6)  IJtVQLT  ,  SM JK , K , J 

C  WRIT  EI6  ,606  )  C CNN SA, ST  PL NG , STP W Ch , K , J 

IF  I J.EQ. JR!)  TERN3*AT*7AU* I -TAP  I J,K )*7S) *2. CO 

IF!  J.NE.JR1)  TERM  3*  A  T*  TAL*  l  —  T  AP  I  J,K)+TAPI  J+  1 » K)  ) 

IF! J. EC. 2)  T  ERM4*  AT*T  AUM-TAPI  J,K  J  +  TS ) *2. DO 

IFU.NE.2J  TERM4=AT*TAl*t-TAP  I  J  ,K)+TAP  I  J-1,K)  ) 

LENGTF=STPIN2*2. 

CT*ICCNNSI*FLRTHK*STFWCH)/  I  LENGTH) 

IFI K  «E0  .KC1)  TERK5=CT*TAU* I -TAP  I J,K)  +  TS) 

IFIK.NE.KC1  )  TERM5=CT*TAU*I-TAP{ J,K J  +  TAPI J,K«-1J) 

IFI K.NE.2)  TERR6=CT*T  AU* I  — T  AP I J , K  J  *T  AP I J , K— 1 ) ) 

IF  IK  .EQ.2)  TERM 6=C  7*  TAU*  (—  TAP!  J.KJ+TS) 

DCJK*TEPN1*CCSJK 

D0SJK*I2JK4TERR3+TERK4+TERM5+TERK6 
IFIMOC!  ITER, 5C0)  .NE.C)  GO  10  77 
IFIJ.NE.2J  GC  TC  77 
1FIJ.EQ.2J  GO  TO  41 
C  IFIK.EC.3.0P.K.EQ.4)  GU  TO  41 

C  IF IK.NE.3.CR.K.NE.4 )  GC  TC  77 

41  WR 1TE I  6 , 66  )  A  1  *DQ  S JK  ,C T 

W RITE  16,67 )T ERM 1 ,T2JK,TERM3, TERM4, TERMS, TERM  6 
WRITE(6,68)DQJK,K,J 
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wr  n  1 1 1 1  t's  i 

66  FORMAT (IX , IP3E13 .3  I 

67  FCRMATt IX , 1P6E12.3) 

68  FORMAT (  IX  ,  IP  E  13 . 2  ,  l  X ,  I  3,  1 X ,  1  3  ) 

69  FCRMATt//) 

77  RETURN 

ENC 

C 

C 

SUBROUTINE  C ALCV J I TE FP » V , Z , I  TER) 

ifflicit  F E AL*8  1 A-F , C— Z ) 

REAL*4  EPS 
DIMENSION  T(6I.TT(6) 

DIMENSION  VI  (61  ,V2  (6  1 ,  V3  (6  ) ,  V416  1  ,V5t  6)  ,V6{  6  ) 
DIMENSION  V  V  1  (  6)  ,VV2(  6)  ,VV3(6)  ,VV4(  6)  ,VV5(6)  ,VV6(6) 
DIMENSION  VMI5), ZZI 5),ZQ( 5) 

DATA  ZG/6. CO  ,6. 6 99 CO  ,7. DO ,7. 699 DO, 8 .00/ 

DATA  T/3CC.DC  ,  A C C. DO  ,  5CC. DO , 600. DO , 7CC. CC,75C.DC/ 
DATA  V 1/49. CO, 5 3. DO, 60- DO, 69. CO, 81. DC, £2. 00/ 

DATA  V2/50. DO, 54. DO, 61. DO  ,69. DO, 80. CO, 81 .CO/ 

DATA  V3/50.0C#  5 5. DC, 6  1.DG, 7C.Du,8C.  662DC,8C.D0/ 

DATA  V4/5  7.C0,63.C0,7 2  . DO, 8 1 . CO , 8 1 . CO , 75 . DO/ 

DATA  V5/72. DC, 67.00,108. DO ,113. DO, 85. CO, 75.  DO/ 

IF  (Z.C-E.7.99500.0R.TEMP  .GE.75G.DC)  GC  IC  596 

E  P  S-C. 9  EO 

NPNT  S=  6 

NCURVE-5 

DC  2  J*1 , NCUP VE 

ZZI J)=ZO< JJ 

2  CONTINUE 

DC  3  J»1,NPMJ 
VV1I  J  J  =  V 1 1  J) 

VV2 1 J  )=V 2  I J  ) 

V  V3  {  J)  =  V3  (  Jl 
VV4I  J  )  =  V4(  J  I 
VV5 ( J ) =V5 ( J  ) 

TTI  J)  =T  I  J) 

3  CONTINUE 

OC  5  J»1 , NCU  RVE 


C 

C65 


IFIJ.EQ.il  CALL  DACFIl TEMP,TT,VVi,VMI Jl  , NPN T S , E F S , I ER  I 
IFIJ.EC.2)  CALL  CACF  1 1 T EMP, T T , V V2 , VM ( J) ,NPNT S, E PS , I ER) 
IF [ J.E0.3)  CALL  0 ACF  1 1  TEMP , TT , VV3 , VM ( J ) , NPNT S , EPS , I ER 1 
IFIJ.EQ.4)  CALL  DACF  1  <  TEMP , T T , V V4 , VMI  J)  ,NPNT S ,E FS , I ER) 
IF  1  J  .EC. 5  )  CALL  C AC F  I  IT EMP , TT , VV5 , VM ( J ) , NPN T S , E PS , I ER) 
WR1TEU,65)  TEFP,VMIJ),J 
FORMAT  I IX, 1P2E12.2, 14) 
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5  CONTINUE 
EP  S=  3.  EC 

CALL  C ACF  I  !Z,ZZ,VM, V , NuJKVE , EPS , I  ER  ) 

C  ViR  1  T  E  (  6  «66 )  Z,TEFF,V,IER 

C66  FORMAT!  IX,  1P3E12.2.I4) 

GC  TO  999 

998  V-C.DC 

999  RETURN 
END 

C 

C 

SUBROUT  INE  CQ AP l VOlT , STP LNG» T , J , K , I J , DO S JK , SM JK ,D TAP , T2 JK , I  TER) 
IMPLICIT  REAL*8  (A-H, C-Z) 

REAL  ♦A  EPS 

DOUBLE  PRECISION  I , L ENGT H ,  I J , KS  I , KS  10 
DIMENSION  1(53,11) 

OIMENS ICN  DIFSA! 17) .DIFSAO!  I  7 ) , T SA ( 1 7) ,  I  SAC ( 1 7) 

DATA  TS  AC/300.  CO, 36  8  .CO,  403  .  CO  ,  4 1 7.  CO  ,  4  5  1  .DO ,  50  A  .DO,  5A6.D0,  56e.D0 
$  713. DC, 611. DC, 9CC. DC, 

S  976. CO, 1061.CC,  1236.00, 1315.00, 1593. DC  ,1692. DO/ 

DATA  DIFSA0/.0736C0 , . 0  786 DO, .064  500 ,. Q590C0, 

S  -C5  76DC,  .C45 6D C, . 041 5D0,. 03760  0, 

S  .02  7000, .02 16C0, .019100, .0 1 7 1  DO, . 0 152DC , . 0 12 ADC , . 0123D0 , . C 1 100  , 

$  . Cl  2  CD  0/ 

NPNT  S= 1 7 

1FUTER.LE.2)  TAU*l.C-9 
IF! ITER. GT. 2)  TAU*l.0-8 
T  EMP=T  ( J ,  K  ) 

DC  1  L  =  1  ,NFMS 
TSA(D  =  TSAO(L) 

DIFSA(L)  =  DIFSAa(L  )*1.D-A 
l  CONTINUE 

EP  S=  l.E-6 

CALL  CACFIITEMP, TSA.CIFSA, 01 FFSA, NPNTS.EPS, I ER) 

C»l.  ODC 

TIME»DFLOAT( I  TER ) *TAU 

IF(T(J, KJ.LT  .500.00)  CONNS A=  58.16CC— ( .C195DC*T(J,K) ) 
IF!T(J,K).GE.5CC.D0.AND.T(J,K) .LE.700.CO) 

$  C CNNS A=  3 5.  13SCC-I .C3  34  50C* J! J,K)  ) 

IF  IT!  J,K).GT.700.CO.ANC.T(J,K).LE.9QO.CO) 

$  C0NNSA=26.  2EDC-I  .  Q2C54  5D0*  T!  J  ,K)  ) 

I F (T (J,K).GT  .9CC.D0)  CONNS  A- 7 . 3U0 

CF*93C.CC 

TS*3CC.DC 

T  ERMl* (VOLT  *  IJ*T  AU  )/C 
C  606  FGRMAT(1X,1P3C10.2,2I3) 

C  WRITE! 6, 6C6 )  I J , VOL T , SM JK , K , J 
0TAP*(TEPF1+CCSJK)/ (SMJK*CP ) 

SLOPE*!  1! J,K)+DTAP-TS) /TIME 

XTERM*  l.OC/CSQKT ( Cl FF SA* 3 . 1 4 1 6D0*T I  ME ) 

IF  ( I  TER.  EC. I  )  CTCX*O.CO 

IF! ITER.NE.l)  DTDX=-2.D0* SLCPE*TI PE*XTEPP 
STPwCF  =  4.C-6 
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C 

c 


c 

c 

41 

66 

68 

69 

77 


3T=CCfv\SA*STPV>UH*STPLNu 
WRITE 16,606)  XTERM, SLOPE ,DTAP 
T2JK=!BT/2.)*TAU*CTCX 


»  K  ,  J 


WRITE(6»6C6)  BT ,DTD X  ,12 JK  ,K  ,  J 
IF IMQC !  ITER, 5C0  )  .NE.Q  )  GO  TO  77 
IFIJ.NE.2)  GC  TC  77 
IFIJ-EQ-2)  GC  TO  41 


IFiK.EC-3 -OR  .K.EC.4)  GO  TO  41 
IFI K-NE.3-CR. K. NE.4)  GC  TO  77 
WRITE1  6,6fi)SL0PE,K,  J 
WPITEI6.69) 


FORMAT!  IX, IP 3£ 13. 3) 

fFc^Tri/1/XilPU13-3’“-I3-lx'13* 

RETURN 

ENC 


Electrothermal  Model,  N  N  Spikes 
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IMPLICIT  REAL*8  (A-H.C-Z) 

C  '  CACF  1  *  IS  A  SU8RCUT  I.\E  IN  I  drt  SCIENTIFIC  SLoROLTINE  PACKAGE  (  S  S  P 1  - 
C  ANY  OTHER  I N TE RPC  LA T I C N  ROUTINE  MAY  EC  LSEC  IN  ITS  PLACE. 

DOUBLE  PRECISION  I , I  TOT, NA , NC  ,NUD 

01  PENSION  T (53,1 1 ) , R 153, 1 1  )  , STPRS (53), I ( 53 ) , COSUMI 53,  i  I) , 

SVJI53J , DLCGID (S3)  ,STPVI53)  ,C  C  SUBS ( 53,11)  ,T 1  NT (53  ,  li  ) 

S.SEGMS (53, II J 
C 

C  ALL  CALCULATIONS  ARE  DONE  hi TH  MKS  SYSTEM  CF  UNITS.  NC  NORMAL  IZAT  IOi 
C  OF  VARIABLES  NAS  CONE. 

C 

C 

C  MOOEL  GRIO  SPECIFICAT  ICN 
C  EACH  LONGITUDINAL  STRIP  HAS  INDEX  •  I J » • 

C  EACH  SEGMENT  FAS  INDEX 

C 

C 

C  DUE  TC  THE  LARGE  AMOUNT  OF  CPU  NECESSARY  TC  CARRY  COMPUTATIONS 
C  THROUGH  1CC0  STEPS  ALL  AT  ONCE,  SECTIONING  CF  THE  COMPLETE  JOB 
C  IN  STEPS  OF  2CC  V»A$  DONE.  AT  THE  END  CF  EACH  SMALL  JCe  CF  200  STEPS 
C  RESULTS  WERE  STORED  GN  DISKS  AND  ACT  AS  THE  INITIAL  CONDITIONS  FOR 
C  THE  NEXT  SMALL  JCB  OF  200  TIME  STEPS.  THUS  REPLACE  LINES  650-1190 
C  BY  L  INES  r210-125C. 

NSTPS=210 
JS1=14 
JS  2=27 
JS3*45 
JR  =  53 

JRBY2= ( JR*  3 ) /2 
KC=1 1 
KC  J*3 
K  C  1=  K  C  -  1 
KC JP1=KCJ*1 
KC  JP2*  KC  J*2 
KC2=KC-2 
J  P l *  JR— 1 
JR  2s  JR-2 
KC3=KC- 3 
C 

C  INITIALIZATION  CF  CONSTANTS 
IT0T=10.C-3 
SEGLN J=4 . 0  C-6 
CP=93C.DC 
NA*l.0C2fc 
ND*1. 0D22 
NDO*  5.  CD 2 5 
DNSTY*2.33C3 
SEGWCH*4 • CC-6 
FLMTHK*  C. tD- t 

segara=secwdf*flmthk 

SEGLN2* ( 3. CD- 5- SEGLN  J ) /6 • 

SEGLN  1=  16C.D-6 
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S£GVLI=SEGIM*SECA<?A 
SEGVLJ  =  SEGLN  J*SEoARA 
SEGVL2=SEGLN2*SEGAKA 
SEGMS1  =  CNSTY*SEC-VL1 
SEGMSJ=DNS1Y*SEGVLJ 
SEGMS2=DNSTY*SEGVL2 
T  S=300 . CO 


C  INITIALIZE  ALL  STRIPS  TC  SUBSTRATE  TEMPERATURE  MS*. 

C  DIVIDE  TOTAL  APPLIED  CURRENT  ‘ITOT*  EQUALLY  AMONG  ALL  LCNG ITUD INAL 
C  STRIPS.  DETERMINE  RESISTANCE  ‘RIJ.K)'  OF  ALL  SEGMENTS  AT  *IS* 

C  EXCEPT  THE  JUNCTION  SEGMENTS  I.c.  IJ.KCJ)  FOR  STRIP  WITH  NO  SPIKE 
C  AND  (JfKCJPI)  FOR  STRIP  WITH  BLILT-IN  SPIKE. 

T  IME=O.DO 
DC  5  J= 1 1 J  R 
II J)=I TOT/JR2 
DC  10  K-l.KC 
T(J,K|=TS 
DOSUMI  J,K)-C.OC 

10  CONTINUE 
5  CONTINUE 

DO  15  J=2» JR  1 
RS-0 . DO 
DO  20  K-2  »  KC  1 
C  STR  IPS  WITF  SPIKES 

IF! (J.NE.JS1) . AND . (J.NE.JS2 ) .ANC.IJ.NE.JS3)  )  GO  TO  1 

IF  <  K.EQ. 2)  CALL  RES  1ST { SE GLN1  .  N A , T l J, K J , R I J , K )) 

IF(K.EC.KCJ)  R  1  J  »  K  )  *  O.C 

IFIK.GT.KCJ. ANC.K.LE.KC3 J  CALL  R  ES  IS  T  (  SEGLNZ , NC,  T  ( J  ,K  J  ,R  {  J, K  H 
IFIK.E0.KC2)  CALL  RE S I  ST C SEG LN2  ,  NOD  ,T I J  ,  K )  ,  R I J , K ) ) 

IFIK.GT. KC2)  CALL  RE  S  I  ST  (  SEGLN  1 ,  NCD ,  T  C  J  ,  K)  .  R  (  J  ,  K)  ) 

GC  TO  11 

C  SP  IKE-FREE  STRIPS 

l  IF ( K  .L  E  .2 )  CALL  RES  1  ST  I SEGLN  1  ,N A , T I J ,K ) , R( J , K) ) 

IF(K.EQ.KCJ)  R  (  J  »  K  ) -0 . 0 

IFIK.GT  .KCJ.AN0.K.LE.KC2I  CALL  RE S I S T (  S EGLN2  ,N0  ,  T I J  ,K I , R I J , K ) J 
IFIK.GT  .  KC2 )  CALL  R ES IS T I S EGL N  1  ,  NDO  ,  T ( J  ,K ) , R ( J » K ) ) 

11  RS=RS+R(JtKl 
20  CONTINUE 

C 

C  JUNCTION  VOLTAGE  •  V J ( J i •  AT  TEMPERATURE  'TS*  ANC  AT  INITIAL  CURRENT 
C  C  ISTRIBUT  ION  •  I  ( J  J  • 

0LCGICIJJ=CLCG10I I (J l/SECARA) 

C  STRIPS  WITH  SPIKES  AND  STRIPS  *ITHCUT  SPIKES  ARE  TREATEC  TFE  SAME 

CALL  JNVOLT ( T  IJ,KCJ ) , VJ<  J ) »DLOG ID ( J )) 

IF  IVJI JJ .GT..05C0)  GC  TO  33 

CALL  RE  SI  ST  I  SEGLN  J  ,ND  ,TI  J  ,KC  J  )  »R  I  J  ,  KC  J)> 

VJIJI*  I  (J)*RIJ»KCJ ) 

C  SERIES  STRIP  SFREAC1NG  RESISTANCE  'STPRSIJI' 

33  STPR  S( J  )*R  S 
15  CONTINUE 


n  n  n  o  O0O00O00 
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C 

C  DEVICE  TERMINAL  VOLTAGE  'VlCT'  WHICH  IS  THE  SAME  AS  INDIVIDUAL  STRH 
C  VOLTAGE  • STPV ( J ) •  AT  ALL  TIMES. 

VT0T=VJ(12)MI(12)*S1PRS<12)  J 
WRITE  (6,21  VTOT, VJ<  12) , STPRSI 12) 

2  FCRMAT  ( IX  ,7F  VTCT  = , 1PE12.3, 1SH  JUNCTION  VOLTAGE  =, 

S  IPE 12.  3 , 1  SH  STRIP  RESISTANCE  =,IPE12.3) 

C 

Nl  *1 

N2=NS1PS 
DO  555  L-l* 1500 

READ l ( 81  , END  =  666)  TIRE, I»R»VJ»l, VTCT tOQSUM, ITER 
555  CONTINUE 
666  Nl=ITER+l 
N2  =  I  TER  +  2C0 


DO  25  J=2,JR 1 

MASS  • SEGMS ( J  , K  )  '  CF  EACH  SEGMENT 
DO  30  K=2  , KC 1 

IF(K.E0.2)  SEGMS1 J,K) =SEGM$1 

IF  (K  •  EC  .  KC J )  SEGMS (J,K)=SEGMSJ 

IF(K.GT.KCJ.AND.K. LE.KC2)  SEGMS ( J ,K )=SEGMS2 
IFIK.GT.KC2)  SEGM  S( J,K)  =  SEGMS1 

30  CCNTINUE 
25  CCNTINUE 


START  TIME  INCREMENT  ‘TAL*  LOCP 
DC  35  IT ER=N1,N2 
IF(ITEP.LE.IO)  TAG  *  l.C-9 
IFUTER.GT.  1C)  TAU  =  l.D-8 
TIME=T IME+TAU 
WPITE<6,4)  TIME,  ITER 
A  FORMAT(  1 C  X  »  7H  TIME  =,  1  PE 1 3 . 4  ,  i  OX  ,9H  INTERVAL, 15) 

C 

C  CALCULATE  INTERMECIATE  TEMPERATURE  ’TINT(J,K)' 

DO  45  J=2 » JR  1 
DC  50  K=2,KC1 
VOLT  =  I ( J) *R { J  , K ) 

C  FOLLOWING  WORKS  FOR  ALL  STRIPS,  WITH  CR  WITFCUT  SPIKES 
IFCK.EC.2) 

$  CALL  DOINTI  VCL I  ,  SEGLM  ,  T  ,  J  ,  K  ,  I  ( J )  ,  CCSUM  (  J  ,  K  )  ,  S  EGMS  I J  ,  K  )  , 
S  0TINT,DQSUBS(J,K) , I  TER) 

I F (K. EC. KC  J ) 

*  CALL  .DCI NT( VCLT ,SEGLNJ,T ,J,K, I ( J) ,DCSUMI J,K ) , SEGMS (J,K), 
$  CT 1NT , C0SU6S ( J , K  ) ,  ITER) 

IFiK.GT.KCJ. ANC.K.LE.KC2) 

$  CALL  DQINT( VOL T , SE GLN2 , T , J , K , I ( J) ,OCSUM( j,Kj ,SEGMS(J,K), 
S  CTINT,COSUSS(  J,K),  ITER) 

IFIK.GT.KC 2) 

$  CALL  DOINTI  VOLT, SEGLN 1 , T , J  ,  K , I  I J ) ,DCSUM(J,K)  ,SEGMS(J,K), 
$  CTINT,DCSUeS ( J , K ) ,  ITER) 

TINTI  J,K)  =11  J,K)  ♦□TINT 
50  CCNT  INUE 
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45  CONTINUE 
C 

C  CALCULATE  FINAL  OR  NEW  TEMPERATURE  'T(J,K)'  FCR  ADVANCED  TIME  *T+TAU* 
DC  55  J=2  f  JR  1 
00  6C  K  =  2  »KC 1 
V  OLT  =IIJ)<R(J»K) 

C  STRIPS  WITH  ANC  WITHCUT  SPIKES  ARE  TREAT  EC  ThE  SAME 
IFIK.EQ.2) 

$  CALL  DQtVOLT.SEGLNl.TINT, J,K,I( JJ  ,UQ JK, ScGMSi J ,K) , 

S  DCSUM(J,K) ,CCSLBS( J,K) , ITER) 

IFIK.EQ.KCJ1 

$  CALL  CCiVJiJ),SEGLNJ,TINT,J,K,liJ),DQJK,SEGMS( J,K> , 

$  DQSUMI J,K)  ,DCSteSI J,K)  ,  ITER) 

IF1K.GT.KCJ.AND.K.LE.KC2) 

$  CALL  DC1VCLT,SEGLN2,TINT, J,K,  l  i  J  ) ,  OQ JK , SEGM S { J  ,K  )  , 

S  DQSUMC J,K)  ,DCSUBS( J,K)  ,  I  TER) 

IFIK.GT.KC2) 

$  CALL  CC(VCLT,SEGLN1 ,TINT, J , K  ,  I  ( J  ) ,  CQ JK , SEGMS l J , K ) , 

$  DQSUMiJ,K)  .DQSLBSi J,K)  ,  ITER) 

T  (  J,K)=T(  J,  KHDQJK/  C  SEGMS  i J,K)*CP) 

IF1T(J,K).GE. 1680.00)  GC  TO  177 
60  CONTINUE 
55  CONTINUE 

WRITE  NEW  TEMPERATURE  EVERY  1CTH  TIME  STEP 
IF1ITER.GE.66.ANC.1TER.LE.68)  GD  TO  5CS 
IF  (  MOD  (ITER,1C).NE*9)  GO  TO  88 
509  WRITE(6f6) 

6  FORMAT  (/  /) 

WRITE  I  6,  €)  IIT(  J,K)  ,K  =  2  ,10)  »J*2,52) 

8  FORMAT ( IX, 1P9E12-3) 

•STPRSIJ)'  AT  NEW  TEMPERATURE 
88  DO  65  J-2 , JR  1 
R  S  =  0.  0 

DO  70  K=  2  »KC  1 

IF ( I J.  NE. JS1 ) .ANC. (J .NE.JS2 )  .ANC. ( J  .NE  .JS3) )  GC  TO  99 
IF ( K.6G.2) 

$  CALL  R6SISI(SEGLNl,NAfT( J,K) ,R( J,K) ) 

IFiK.EC.KCJ. ANC.VJIJ )  .GT ..0  5 CO  >  R{ J,K)-0 
IF< K.EC.KCJ. AND. VJ(J).LE..05D0) 

SCALL  RES  IST(S£GLNJ,NC, T( J,K)  ,R( j,K)) 

IFIK.GT.KCJ. ANC.K.LE.KC3) 

S  CALL  RESIST! SEGLN2 >ND ,T< J.K)  ,R|  J,K) ) 

IFiK.EQ.KC3)  CALL  RESISTISEGLN2. NOD, T{J,K) ,R(J,K)) 

IFiK.GT.KC3)  CALL  RE S I S T ( SEGLN l  , NOC , T ( J , K ) , R i J , K ) ) 

GO  TO  111 
99  IFiK.EQ.2) 

S  CALL  RESI  SKSEGLNl  ,NA,T(  jtK)  ,Ki  J,K)  ) 

IFiK.EQ.KCJ.A  ND  .VJ(J).GT..Q5D0)  RlJ,K)=C.QO 
IFiK.EC.KCJ. ANC.VJ(J) .LE..05CC) 

*  CALL  RESI STiSEGLNJ  ,NO,T ( J  ,K)  ,Ri Jf K) ) 
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IF  IK  .GT  . KC J  .ANC.K  .L £  .KC 2  ) 

%  CALL  RE  S I  ST  ISEGLN2 «NC»T I J  ,  K  > , R( Jf K »  ) 

1F!K  .G7.KC2) 

S  CALL  RESIST  !StGLNl»NOD,T  (  J  » K  I ,  R  l  J  ,  K 
Ill  R  S=R  S+R ( J  « K) 

70  CONTINUE 

STPRS  l  J)=PS 
65  CGNTINLE 
C 

C  'VJlJI'  AT  OLC  '  1 1J  )  '  BUT  NEW  *T  <  J  *  K  )  * 

VJBYRS=O.DO 
STPR  S 1=0 .00 
DC  75  J=2  f  JR  1 

DLOGID ( J) =DLCG10! I 1 J) /SEGARA) 

CALL  JNVOLT! 7! J ,KCJ) » V  J  < J) ,0  LOG  ID! J) I 

IFIVJl J1.GT..05C0J  CC  TO  133 

CALL  RESIST! SEGLNJ, NO, TIJ.KCJI  ,R!J,KCJ)> 

VJ(J)»I(J)*R(J»KCJ) 

133  VJBYRS=VJEYRS+l  VJ ( J) /STPRS  (  JIJ 
STPR  SI=  STPR  SI +  ! 1. DC /STPRS! J)) 

75  CONTINUE 

•VTOT'  AT  NEW  'R!J,KJ',  NEW  •IIJ.KJ'  BUT  CLC  •  I  I J  J  ■ 

VTOT  =  <  ITCT4VJBYRS  1/ STPRS  I 

START  ITERATION  LOOP  FOR  ACCURATE  DETERMINATION  CF  A  NEW  CURRENT 
DISTRIBUTION  •  1  C  J 1  •  *  TESTS  FOR  CONVERGENCY  ON  MIJJ',  'VJ!J1*  AND 
•STPV(J)*  WAS  NCT  I NPLEMENTEC  DIRECTLY  TC  SAVE  TIRE.  IT  WAS  FCUNC 
THAT  USING  'NLOOP '  AS  A  PARAMETER  INITIALLY  GIVES  A  GCOO  IDEA  AS  TC 

THE  CONVERGENCY  CF  THE  SUCCESSIVE  VALUES. 

NLOOP-  1 0 

DC  85  ITLCCP=1,NLCCF 
C  I  T0T  =  0.DC 
V JEYRS=0.C0 
STPRSI*0. CO 
DO  90  J=2.JR1 
I ( J )- IVTGT-VJ! J ) )/STPRS<  J ) 

I F  ( I (J).LE.O.CO)  I!J)=O.CO 
IF!  I! J J  .LE.C.OC)  VJ ! J I  * V TCT 
IFIl(J).LE.O.CO)  GO  TO  155 
DLOGICI  JJ  =  CLCC-10! I ( J) /SEGARA) 

CALL  JNVOLT! T(J,KCJ)  , VJ! JJ ,DLCG ID ! J) 1 
IF!VJ!J).GT.. 05001  GO  TO  155 
CALL  RE  SI  ST! SEGLNJ  ,ND  ,T ! J,KCJ) ,R! J, KCJJ) 

VJ!JI*IIJ»*R<J.KCJI 
155  STPVI JJ»  IIJ  l*STPRSi J)*VJ! J) 

VJBYRS*VJBYRS+! VJ! Jl /STPRS! J) I 
STPR  S  I*  STPR  S I ♦ l  1. DO/ STPRS! J) ) 

SUM  'Cl  TOT '  OF  STRIP  CURRENTS  'IIJI' 

CITOT*CITCT*I| Jl 
.90  CONTINUE 
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C 

C  NEW  APPROXIMATION  TO  DEVICE  TERMINAL  VOLTAGE  'VIC1'  AI  NEW 
C  •  T  i  J ,  K  )  •  »  NEWLY  AFPRCX  IMATED  'VDlJ)'  ANC  'IIJI'. 

VTCT=( ITCT+VJBYRS) / ST  PPS I 
85  CONTINUE 

END  OF  ITERATION  LOOP 

PRINT  RESULTS  OF  PRESENT  TIME  STEP. 

IFdTER.GE.66.AND.ITER.LE.68)  GO  TC  409 
IF(MOC( ITER, ICJ.NE.S)  GO  TO  166 

409  WPITE(6,12)  VTCT.CITCT 

12  FORMAT!  IX, 7H  VTOT  =  ,  1PE 10. 2 ,10X, I3H  ITCTICALC)  =  ,1PE14.7) 
WR ITE (6  » 14  )  (STPVl J), J=2, 52) 

14  FORMAT! IX, 14H  STRIP  VOLT  AGE/ IX , I  PI  0  El  3 .5 J 
WR  ITE  !  6 , 1 6  )  !  VJ!  J)  ,  J=2,  52) 

16  FORMAT (IX, 17H  JUNCTION  VOLT  AC E/ IX , 1P1 CE  1  3  .5  ) 

WR I TE  !  6 , 1 E )  ( I ( J )  »  J=2 ,52 ) 

18  FORMAT !1X,14F  STRIP  CLRR ENT/ IX , IP  ICE  12. 5) 

166  CONTINUE 

WRITE  RESULTS  OF  PRESENT  TIME  STEP  ON  DISKS  FOR  STORAGE 
WRITE  19)  TIME  ,T,R  ,VJ  ,1 ,VTCT ,CCSUM, ITER 
5  CONTINUE 
GC  TO  309 

END  OF  TIME  INCREMENT  LCCP 

177  WR I TE ( 9 )  T  IME,T,  P  ,VJ,  I  ,VTCT,CCSUM, ITER 
309  STOP 
END 
C 

C  CALCULATION  OF  SEGMENT  RESISTANCES  ’RU,K)*  FROM  MCEIL1TY  AND 
C  RESISTIVITY  THAT  ARE  TEMPERATURE  DEPENDENT. 

SUBROUTINE  RESIST CSbGLNG *  COP  INC, TEMP, RES) 

IMPLICIT  REAL*  £  !A-H,G-2) 

DOUBLE  PRECISION  MUOP ,NP , MUON , NN,  Kl , N I , MUNE , MLPE  ,  MUP , MUN 

D0PIN1=DCPING*1. CD-6 

S  EGWCF*4.GD— 6 

FLMTHK=0.6C-6 

SEGARA=FLMTHK*SEGWDH 

MUQP=480.C0 

NP=4. CD1 6 

SP=  8  1  .DC 

AP=6 . 1 D3 

FP  =1 . 6D  0 

BP=  2 . 5D  4 

MUCN*1400.C0 

NN  =3  •  CD  16 

SN*  3  50 .DO 

AN  =3 . 5  C3 

FN  =  8.  8D0 

BN* 7 .4C3 
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C=i. 6C-19 
EM=1.  CD  5 

EG=1.1G6CC*1.6C-15 
K I - 1 . 5  045 
BK=  1 .380-23 

NI=(K 1**0. 500  )*<TfcMP**1.5D0)*D£XPI-£G/( 2. DC*dK* TEMP)  ) 

SQRTM=0SQR1I  (DCPING/2.D0)**2*NI**2) 

MUNE=MUON*DSGRT(  l.DC/C  1 . D 0  +  DC PI N 1/ (  I  OOP  I  M  /  SM  *NN >  ♦  ( E M/  AN  )  **2 
$  /((EW/AN)+FN}+(EM/6N)**2)) 

MLPE=ML0P*0SCRT{1.DC/(1.D0*DCP1N1/1  l  CCP  I M  /  S  F  )  +  NP  )  ♦  l  EM/  AP  )  *  *2/ 

$  ( (EM/AP)+FP)+< EM/BP  )**2  )) 

MLF=MUPE*1 .573802*  (1 . CO/ T EM P  I  **2 . 5 
MUN-MUNE*  1.  5 7 280  2* (  I. DC/ TEMP  1**2. 5 

RHO= Cl .00/ (Q* (MJP* I  DOPING/ 2.00 *SQRTM) +NUN*( -DOPING/ 2. DO+SQRTM) i 
RE  S=  ( RHO*  SEG  LNG ) /SEGURA 
RETURN 
END 
C 

C  CHANGE  IN  ENERGY  »0C'  CF  A  SEGMENT  3ASEC  CN  FEAT  TRANSFER  TC  ANC 
C  FROM  ITS  SURROUN  C  IN  G  STRIPS. 

SUBROUTINE  CC(VCLT,SEGLNG,TINT,J,K,  IJ  ,CGJK, S£GMJK,DQSJK , 

$  DQSUBS.I TER) 

IMPLICIT  R E AL *8  (A-F.O-Z) 

REAL*4  EPS 

OUUBLC  PRECISION  I  ,LENG  TH  ,1  J  ,  KSI  ,  KS  I  C 
CIMENSION  TINT(53,11) 

DIMENSION  TSI  (17)  , TSICI17)  ,KSI (17) ,  KS  IC 117) , TSAI  17) ,TSAG(  17  I 
DIMENSION  OIFSAI  17)  ,0  IFSAOC  17) 

C 

C  EXPERIMENTAL  DATA  FCR  SILICON  ANC  SAPPHIRE  ThERMAL  CCNCUCT1VITY 
C  AS  A  FUNCTION  CF  TEMPERATURE. 

OATA  TSIC/273.CO,3CJ.CO»35O.CQ»40O.CO,53D.DC»6CC.DQ»  70 C .D  C ,  8CC.D 
S  SCO. DO,  1C0C.DC, 

$  1 100. CO,  1200. DO,  1300  .DO,  14C0.JC,  15GC.DC,  I6CC.0C,lfce5.DC/ 

DATA  K SI  0/16 8. DO ,148. DO , 1 19 .DO ,S8  .9  00 , 76  .2  DO ,6 1 .900 , 50 . 8D0, 42 . 2D 
$  35.900, 

$  31.200,27.9CC,25.7C0,24.4C0,22.5CC,22.7DC,22.1DC,22.D0/ 

JR  =  5  3 
KC=  1 1 
J  R 1  =  J  R- 1 
KC  1  =  KC  -  1 
KC2=KC-2 
TS=300 . CO 

IFCITER.LE.2J  TAU=l.D-9 
IF {  ITER  .GT .2 )  TAU=l.C-8 
SEGLN J=4. CD-6 

S  E  GL  N  2  =  I  3.0D-  5-SEGLNJI/6.D0 

SEGLNl=160.C-6 

F  LMTHK  =  C. 6D-6 

SEGWDF  =  4.CC-6 

C =1.0 00 

EPS®  2.  CEO 

T  EMP=T 1NT IJ,K) 

CP=93C.CC 
NPNTS®  17 

T  IME=CFLGATI  ITER ) *TAU 


2 
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C 

C  DUPLICATION  OF  THcK  vAL  CCNJIlTIvITY  DATA  TC  PREVENT  IHEIk  PCSSIBLE 
C  DESTRUCTION  WHEN  USEC  IN  SSP  INTERPOLATION  SurfROLTINE  *  DACF  I  * 

DO  5  1  =  1  ,NPN1S 
TSAI L )= TSAOI L  ) 

TSI(L)=TSIC(L) 

K  £ I ( L) =KSIG( L) 

CONT  INUE 


CALL  DACF  II  TEMP  ,T SI ,K SI ,C CNN  SI ,NPNT S  ,  EP S  ,  I ER ) 

IF (TINT  I  J,K) .LT .500. CO  I  CONNS A= 53 . 16CC- ( .0795D0*T  INTI J ,K) ) 

IF ( TINTI J  »  K ) . GE . 5C0.DC.ANC.T 1NT (J  ,K ) . L E  .700  .  CO ) 

S  CCNNSA=35.125CC-l . C2 24 50 C* I INT ( J  ,  K J ) 
l F ( T I  NT ( J ,  K I .G  1 .700 . CO .ANC.T INT I  J  ,  K ) .LE  .900.00) 

$  CONN  SA=  2fc.  28DC-I  .  02  C  9450  C*  7  INT  I  J  ,K)J 
IF(T  INT ( J,K  )  .GT  .900  .COi  CGNNSA=7. 2D  C 
AT=IFLMTHK*SEGLNG*CCNNS1 ) / ( S E GWCH*2 . ) 

DQJOUL  =  <  VOLT*I J*TAU) /C 

IF(J.EC.JRl)  CCJFIks AT*TAU*I-TINTI J,K)*TS)*2.D0 

IF ( J . NE . JR  1 )  0CJP1K  =  AKTAU* (-T I  NT ( J  ,K ) *T INT  1 J+ 1  ,K J ) 

IFIJ.EQ.2)  0QJM1K=AT*TAL*(-TINT(  J  ,  K  J  *  T  S 1  *2  .DO 

IFIJ. NE.2)  CGJM1K=AT*T  AU*  I-T  INTI  J,K) +T  INTI  J-1,K)J 

CT=ICONNSI*FLMTHK*SEGWOH) /I SEGLN2+2. ) 

IF(K  .EC.KCl)  DQJKP 1=C T *TA J*l - T I  NT! J,K)  +  TS) 

lF(K.NE.KCl)  CQJKP1=CT*T AU*  I-T  INT l J , K ) *T  INT I J , K+ 1) J 

IFIK. NE.2)  0QJKM1=CT*TAU*  (-TINT  (J  ,  K  j  «T  INK  J.K-I  J) 

I F IK. EG. 2  J  CGJKMl=CT*T AU* I-T  INTI J,K)+TS) 

C 

C  TOTAL  CHANGE  IN  ENERGY  'DGJK'  FOR  EACH  SEGMENT 
DCJK=CCJCUL*CCSJK 

DQSJK=DQSLBS+DCJF1K+GCJM1K*GCJKP1 ♦dcjkml 

RETURN 

ENC 

c 

C  DETERMINATION  OF  JUNCTION  VOLTAGE  BY  IwO  STEP  I K TER PCLA TI CN. 
SUBROUTINE  JNVCLT IT  £MP»V  »  Z  ) 

IMPLICIT  REALMS  (A-h,C-Z) 

RE AL  *4  EPS 
OIMENSICN  T  (5  )  ,  T  T  (5 ) 

DIMENSION  VI I  51  ,V2I5)  *  V3  C  5 )  ,  V4I5)  ,V5I 5)  ,V6( 5) 

OIMENS  ION  VV1  (5  J ,  VV2I  51  ,W3l  5) ,  VV4I  51  ,VV5(  5)  .VVfcl  5) 

DIMENSION  VNII5)  ,ZG15)  ,ZZ(5) 

C 

C  DATA  GETAINEC  FROM  ONE-DIMENSIONAL  PN  JUNCTION  SIMULATIONS. 

C  VN-T  ETC.  CURVES  ARE  JUNCTION  VOLTAGE  -  TEMPERATURE  CURVES  FOR 
C  A  PARTICULAR  VALUE  OF  THE  LOGARITHM  OF  CURRENT  DENSITY  ‘ZOIN)* 

C  WHERE  * N*  TAKES  CN  VALUES  1-5. 

DATA  ZO/fc.OC,<..69  9DO«7.DQ,7.699DO ,8.00/ 

CAT  A  T/ 300. 00, 400.00, 5 00.00, 6 00. DC, 7GC.DC/ 

DATA  VI /4 9. DO, 53. DO, 60. DO ,6 8. 9 CO, 81. 00/ 

DATA  V2/ 50. DC, 54.0 C, 59. 9DC, 6 9. DC, EC. DC/ 

DATA  V3/ 50. I  CO, 55. CO, 61. DO, 7C.CC,  80.662C0/ 

DATA  V4/57. DC, 63. DO, 72. DO, 81. CD, 81  .2  00/ 

OAT A  V 5/ 72. DO, 87. DC,  1C8.DC, ll3.D0t85.DC/ 


oooon  r>  n  o  o  n  o  o  o  n  on 


1 


501 


C 

c 

IF  { Z .GE  .G.D0.0R  .  TENP.Gc . 7C0.0J)  GCJ  TC  1 

EPS-1 .0  E0 

NPNT  S  =  5 

NCURV  F= 5 

DC  5  J=1 * NCUPVE 

ZZIJ)=ZO( J) 

5  CONTINUE 

DUPLICATION  OF  VN-T  DATA  TC  PREVENT  POSSIELE  DESTRUCTION  IN  'CACFI* 
DC  10  J— 1 ,  NPNT S 
VV 1 ( JI =V1 ( J I 
VV2< J)=V2( J) 

VV  3 ( J )=V  3 ( J  i 
VV4  I  JI  =  V4  {  J  > 

VV5(J)  =  V5(  J) 

TT  t  J  )=T  l  J  ) 

1C  CCNTINLE 


INTERPOLATE  A  JUNCTION  VOLTAGE  'VNI'  AT  'TlJ.Ki*  ON  EACH  CURVE 
VN-T  OF  CONSTANT  CURRENT  DENSITY.  THIS  SET  CF  N  INTERPOLATED  POINTS 
FORM  A  CURVE  OF  VNI-Z  ,  Z  BEING  THE  LOGARITHM  OF  CURRENT  DENSITY, 

AT  CONSTANT  SEGMENT  TEMPERATURE  *TIJ,K1*. 

DO  15  J*1,NCURVE 

IF(J.EC.l)  CALL  CACF  1IT EMP, T T , VV 1 , VN I (J ) , NPN T S ,EPS , I ER) 

IFIJ.EQ.2)  CALL  DACF I ( TEMP ,TT , VV2 ,VNI ( . ) , NPNTS , EPS  ,  I ER) 

IFIJ.EQ.3)  CALL  CACF 1(TEMP,TT,VV3,VNI(  NPNTS, EPS, IE R) 

I F I J. EC. 41  CALL  C ACF I ( T EMP, TT , VV4 , VN 1 1 J I , NPNTS, EPS, I ER) 

I F I J  «  EQ. 5)  CALL  DACF I( TE  MP  » T  T ,VV5 ,VNI <  «.i , NPNTS, EPS, IERI 
15  CONTINUE 

INTERPOLATE  'V*  AT  GIVEN  •  Z*  CN  THE  SINGLE  VM-Z  CURVE  CBTAINEC  ABGVt 
AT  CONSTANT  SEGMENT  TEMPERATURE  'T(J,KI*. 

EPS=1.  EO 

CALL  DACF 1 1 Z , ZZ , VNI  ,  V  ,NC UR VE ,E PS , I E R ) 

GO  TO  11 

I  V=C.  DC 

II  RETURN 
ENC 


DETERMINATION  OF  TIME  DEPENDENT  TEMPERATURE  FUNCTION  'PHI*,  ANC 
THE  SUBSTRATE  FEATING  TERM  OQSUGS  FROM  TFE  SOLUTION  OF  ONE-D I  ME N SI CNA 
LINEAR  HEAT  FLCfc  ECLAT1CN. 

SUBROUT  INE  CQ 1NT ( VOL T , SEGLNG , T , J , K , I J  ,OCS „K , SEGM JK  ,0 T1 NT  , 

$  DCSUBS , I T ER ) 

IMPLICIT  REAL* 6  (A-H,C-Zi 
REAL*4  EPS 

DOUBLE  PRECISION  I ,LE NG TH , I J , K S I  ,  KS I  C 
C  1  MENS  I  CN  T  153,  ID 

DIMENSION  DIFSAU7)  ,0lFSACtl7),TSAll7),7SA0U7) 
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C 

C  EXPERIMENTAL  CATA  FCR  TtMf-L'ATURE  CEP  fcNCENT  THERMAL  CIFFUSIVI1V  OF 
C  SAPPHIRE. 

DATA  T SAG/ 300 .CO, 368 .DO,  403. DO, 417.D0,451.DC,5C4.D0,546.DC,56e.D0, 
*  713. DO, 871. DC, 900. DO, 

$  976.0 C, 1061.00,1236.30, 1315. 00, 1593. CC, 16  92. CO/ 

DATA  CIFS AG/  .07S6C0,  .078600, .0645C0, . C59CDQ , 

$  . C576DC,. C456DC ,. 0415D0 ,. C376C0, 

$  .027000, .021600, . CIS  IDO, .0171DC,.0152DC,.012400».0123DC#.C11CO» 

$  .012000/ 


NPM  S=1 7 
EP  S=  l.E-6 
S  EGW  0H=4  .C— 6 
CF=93C. CO 
TS*3C0.DC 
C=1.0D0 

IF( I TER.LE.2  )  TAL=l.0-9 
IFIITER.GT.2)  TAL=l.D-8 
T  EMP=T ( J , K  ) 

DUPLICATION  OF  DATA  TO  PREVENT  DESTRUCTION  IN  •  0  ACF  I  • 

DC  5  L=l , NFNTS 
TSAI l) =TSAC( L) 

DIFSA(L)=CIFSAQ(L )*l.D-4 
CONTINUE 

CALL  DACFI ( TEMP, TSA,D1FSA,CIFFSA,NP NTS, EPS, IER1 
T1ME*CFLCAT  I  1IERMTAU 

I  FIT ( J,KJ .LT.500.COJ  CCNNSA=5B . 16C0-I .079500*1  (J ,K ) I 
IFITI J,K) .GE. 5CO.DO.ANO.TI J  ,K ) . LE. 700. DO ) 

$  CCNNSA=35.l35C0-< .03345D0*T I  J  » K  ) ) 

IFITI J,K) .GT.700.00. AND.TIJ,K>  .  LE  .900  .  CC  J 
$  CONN SA= 26. 3 EDO- l . Q2C945DC*  Tl J ,K J i 
I  FIT  I J  ,  K  )  • GT  .900  .  CO  )  CCNNSA=7.3CC 
OQJOliL*! VCLT*1 J*TAU) /C 
DT I NT  — ( DO JOU  L  *00  S JK  J / I S£GMJK*CP  J 

SLOPE  CF  THE  FUNCTIONAL  FCRM  CF  'Phi* 

SLOPE* IT (J»K)*0TINT-TS1/TIME 
IF  1 1  TER. EC- 1  i  CT CX=0 .00 

IF 1 1  TER. NE. 1J  DTD>=-2.D0*SLCPE*TI ME* II. CO/ I  OS  CRT  I C I FFS A*3  .1416C0 
$  *T  IME  )  )  } 

BTssCCNNSA*S£GfcCI-*SEGLNO 
C 

C  DETERMINATION  OF  SUBSTRATE  HEATING  TERM  FROM  'DTCX*  OBTAINED  BV 
C  SOLVING  ONE-OI MENSICNAL  LINEAR  HEAT  FLCW  PBC8LEM. 
DCSUBS*IBT/2.)*TAU*0TDX 
RETURN 
END 


i 

i 


